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I

ADDITIONS VE X U*1 i, ,,. ...

T: THE REORT

IN NVESTIGATION OF THE LOAD-DEFORMAT!ON

CHARACTEPoJSTICS OF REINFORED CONCRETEE

ALAtQeUPTO TEX POINT OF FAILUiA

The fo]lo ing addAtione and corrections are to be made to the

Sr'.re,,'t A f1 I Characteristics of Ik-

UIQ-e C LLj teA at h ga of Fai!ire, b, J. R. Ga&ston, C.oF

fu and N. H. Beark, which was issued to the Ofice of Naval Research

der o'atract )*ori.-071(34), Task Order 349 frojezt SR-064-372 in Noember

'e arni,; icame of tie 1. t'r and nizsral symbols used to desig-

& * bt various be.-m specimna was 4i-ot given in the original report.

Tie iett::t and numerala serve to identify the vsrious beams in

f ll1rlwi, manner

-SI S rG1 g riforc, in tensionc

.be lettet T indicates that the beam was reinforced in tension

* i ; n the re.iion rt pure flexure.

The s-mor,-.L following the letter T is the value of the reinforcing

-it: q , in tinth1w, rounded to the nearest tenth.
C

The letter L, N, or H appeari.g next designates the concrete

f,,th; that is low, cedium, or high, whore io, is from 2000 psi to

-$. medium is from 3000 psi to 4000 psi and high is from 4000 psi to
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The lower case letter a,. b, or c following the concrete strength

designation idenfifies the individual beams vhen two or more similar spec-

imens were tested.

For beams reinforced in compression as well .s tension:

The letter C indicates that the bcam was reinforced in compression

as -well as tension in the region of pure flexure.
pf

The numeral following the -Latter C is the value of q = !Z in
c

tenths, as before.

The letter !' A9 y, or z appearing next indicatj, the spacing of

the ties in the region of pure flexure. The letter w refcs pruasson

reinforcement without ties; _ indicates that The tie spacing was -.i+ speci-

fied by II 318-51; y indicates that the tie spacing was one-half th't a -

fied by ACI 318-51; and z indicates that the tie sp4cing was one-fourtb that

specified by ACI 318-51.

The letters _n or m indicate the type of tie used, as shown in Fig,

4 of the report.

The lower case letter a or , where it appears, indicates that two

similar speclmens were tested.

Examp es;

Beam TlLa is reinforced in tension only, has a value of the rein-

forcing index q equal to 0.1, a concrete strength between 2000 and 3000 psi,

and is one of two cr more siLmlar beams.

Beam C3yna is reinforced in compression as well as tension, has a

valie of q equal to 0.3, has a tie spacing in the region of pure flexure

one-half that specified by ACI 318-51, has -type n ties, end is ouc of two

or more similar bewms.



ADDI TON, TO TABLE NO. 2

FOR BP&>L RFINIR)BCED IN TEN SI ON -AN-D- COMIQRE.Sb.ON

Beam +

02W' u.897

03w 0.857

C3=a 0.857

C-yna 0.866

C3ynz 0.850

C4nb 0 856

C4zn 0,.57

O 5V. 0.833
;~cn 0.833

C7. 0.833

]c~d tance between the ce.c.oid,' .- t tens'oyt aiv& comp.eaeion rein-
fl>t~' i~ere d = &d.tnc? from te c( %q~ beam to the centroid of

t '- - ein.cesent.



.......:o 7 TA.B:LE q8

cCi. AI sCr; OF EXP&I."%'A.IE n.IAL VALU"

OF xizz.;

Beams with Tension snd
Comp-ression Reinforcement

Beam My - kip-ft

lip Theao Tho
Theo

C2w 32.4 31.1 1.04

CZ= 38.0 35.4 1.07

C3V 62.4 60.4 1.03

C33m 66.3 61.5 1.09

C37ya 41.0 40.1 1.02

C3xmb 62.4 62.0 1.01

C4xna 40.1 41.4 0.97

C4mb 42.8 42.2 1.01

C4zn 59.3 60.7 0.98

c5ym 87.8 89.5 0.98

C6nm 84.9 85.2 1.00

C7w 84.0 84.7 0.99

Average Ratio 1.02

Range 0.Q-I.09



A v aI ie of th mod l2us of e vt icity of the e "for cing st:e ,

, ..... x 10 : , s cu t.;os ;hcc:t tht e r p:)rt.

BA.11Ultior, (-32) sh2ould read:
of 

yo
c~u t l + p- -* !l

• ki

EquLition (32) should read:

9 - k? fc

Third line below Eq. (47)

"For q'% , . • Ua

Fifth line below Eq. (47)

0 . ..s that is, f 6ft4 "

Second line below Eq. (48)

a .. a and f Ef Y

:TABLZ 1,. SUIOARY CF EMULTS FOR XAM REIMFRCED 1N TNSIOR Q NL7L"

The entry tmder the column entitled O.tirrupw should read "None"

for beam TIMe instead of "Clamp-on".

TABLE 2, ffSUMWARY OF RESLTS FOR BEF&5 AEINPO RE 1N TESION AND COMPRES&ION

The headings for column 9 should reed " p'-7 ,", instead of " "-Z.

Tbi heading for olumn 9 should read .Long-tion in 8 In /"

instead of "Elongation in 6 in., °
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The following note should be added, "The 8"-dim noion of all

bearing pletes is para-llel to the axis of the beam".



1. 2IX{NLil LD CN LCC2

1 Ot, 1ect 4

2. Scope 5
5. kno2ewgsint8 6

4. Nlot*Cion '7

ax. DRRIN \-Mr =3ci c .'? & ~prc, wrat
AE) FAMICA2 I Cl

3 . Do =r- t io of OtNIt S p eisul 9
6. ttara u 10

7. Pa*tetin ad Cu-In 1

:T, raxnzCI Or 2.PARI AID T RO

S. Noacriptior of Test Aa~ntu14
94 kaocrptica of Net ?nnootn U6

D.inZMlIcs N M2hIS ?a OUI?tLme

ANDNMWZ

10o Awptm is

A,. 3" UXL 3 fliPN OW
U. At iMJd)A) 19
3.2s At, Ibia L.M-4m7±ag Uaitl~ 2.1

B. OLAS nSI'un Us T&r An ninwW
13. At 11614 Point 3

14. At tcda Iamd-Carrytng Ompeotty 5)

,.5. bary Of Zqcatik~i1*

7i MT SEU S

16. *eur-d aMA Nerin Qvuttau
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17. Node of Tui=nrv 27

18. Vfeot of Vaciablia 49

55

A~w~-Ap.C~ Alg I aP C? IL'eDNtiA. DATA

ANp - ig.- 1 a 44 LoifJt n Acu m

AP. Fig. (9 - fl D LM-a ti a Crtsfti
Anp. ?ig.6 1- "S toaM-t±* C Isfni

App Pig fs 133-5 ~fl hatit vs. Pure



1.3±y f :,z Jte =- Y s R -L,. faord ,n Tze n151s iz CL'

2 ~ r a f eSi:7t fo:r B M~S F Rrroe f Tenet a-i2~pe~o

3. Siscre Kna!y~s off gr~t

4,. F-cgertioe Of R*nforcinzSte

5. Propertie off Canasrta tii,-rts

6. Tr asvalt's of Beats FaiLtnzg it Shoal

"a. Ctical and kctnx al aws :f t-ho Rttnforctni ft-nex for 3oms

AT-h Tmnaton Riafforcnnt C&1r

i-t, Critical am r kctnC Yolums off thea 3stnforcimg Index for Peas

vith Tunslon a" Coaprsssion Rirtorninwnt

S. Ccnpar±.om of kriulntCl and ThonrticalI Values off Stress it

t.be Nnjaioa binfori~etnt at %axin= Yjnt

9,&. Cmarison of rprinntCL ad Taontial Vaeins of Tiold-Noizt

9W.Qmpflw of fri'j&ta @a Tbesnticai Velas of tb* ft4*t

*Ga Ca pseltyi
10s. Ocarim of mtCn 4 sad TbYt~f alus of Mitspn

kflsttisn at 11 P.iAt
10b. Caprs±nt hpria"I at %&ontioai Talus of Wtapn

NtfleotAoa at U..ue lo44-CtrryiM~ Capacit
U. Ce@7rivsn at tprlntal mad Themntl Talmsa of 'Dnl.



.. TdeaLized StesSr i Igrc- Zo: FReinfo~rcing St..:
. I kStad St.rEeB BlOk III cncrst* at Utlrst.

Cru~rofc Testing Program

4e 4tc-de- o. -ying5 upn-essiom Rsmitorcezvnt

L O. 3lfcin2 Stax-fl:Sirrp

!*Ty:i c al S tresas-S train C'n &-ea ,r Ret!afor-e i n Ecu

S. ?7-pical Stzeu-tratn Caroes for 4Ainforcing Bara

9a, Typical Stness-traia Curium for Btfac ar;

10, ?y#.ca&I Stre "traiin Car ves f orheinfoareing Bar

Z. rrnmnnt of Rinoreat for Bau Raiuforce4 it

12. Arramrnt of Einfora~t for Paau Rhlaforod in

Toiuieu andCmr.ao

13. Ces~cre~e ftrezgtk vs.& C~Na-fltUr Utie

14., Be&a ad T ers i I k~rtuas

1- Vimv xf bea Ntflhg flpsta

lh. St'ain jbsaa t Loctias

17 *Nileetiesa baanrett Locations

.8. Ultixat4 Coaeit4e Sti-ata rs. Concete StrngQh

19. vik r. lant* Sr'ngth

2) . tfct at q "n the Drp-off iiLe4arn Capacity

a. E ffectW of Iiotb4s of TytuM Cop*&siOn binfMrniat 03

Lct-Carrjtuxg Capecity

Z2. Ccaparincr of Ttnsaiot eifrcefat Erazof Beams

With ad thotut Couruua t iaerah

213. o ffect of Cofitrnte Stnngtb or LooM LeInlcton



2L. Views or Dcz T2""I £ftt- r ht. Ps1 Lr*

2% fect of Teivilo: ?.einfc-rc4ant onm uAxLtni kad-avis

Capatity-Teni~ls Rd.-i&o.-Cent Ca'Zy

2t6. Effect of Q' on Shape of ~dT'-iiCse

Z7. Lnad-katia Tt~fecticn for 34=s Wit', an4 With out

2.Views of Lffe~ziv. &adi Imeffeotive Ties itter Bei Feilice

29. Iffect of Tyre of Stl=rupa on C-rawek D±~tri-atin-

3 C' CORsrison of IThOeziei2. Areuiuttag lkaenti8 withKr-

inttai D*+ta.Uaizg f5,

32. CaPrie"On OResilMvot ih3pr



Th cblectine of thes t-eats- a&z2. etadies ws to esas.h t.

relatonab~ir betwerLi 11t d &ad dsfornx-ion f,- reinfct--,ed co-renta WzI~srs

srb~octa d to ast-tIn a~rza Lwh; Th atoc o tale yrb h h

bren nifLy aerrznntai, reasd by %c8retieJ tnisrti]

nw tcoi-v "::,e a" an 33 nitorce oonae~te bear, & in, by

12 ~ ~ % i i mjsctm ring a 'F 0 lanutU± of 9 ft.. &%-d ke4awd at thu

third pastt. ?mty-o-a of these beau aere pris vittancios rein -

fCIrhtflzt, %rt)l 3.2 were prorido4 Cth both 6vaaihan &W eoswuuuioa rein-

fetoseat. I%* xeviari-ables it the.. teatsar the oaoeret utrngjt

tw psaL-taus of tnsioa or omesio reiforeanut, sa the zethMd

at tying Use empateca nsiaferiat.

IM tnt bAre bwa dscribed, sa the tanr recite har lmt

remted ia bet tabular "d p~ea tns Cenrison of th test

rocite of 'nrie bem km benm u~e to Olw te .ftts of the vviabiau

iaktrotmM.

M~ car3.r' baa beat Amlnyd A.t jndicte the l*,S-ds3tlo&

tait agcu th %e lbes o rbt. Thin amlytoi c nhziete of oz~n uWM the

emwAtnas at th critte.1 peit. of tA lA44.f~rntja a.r

IR the Oqaatiwu ezresstq the onditiasj at tibe 71*l&\ point,

a rnLsm4 mstiea &M a lijoer stesu-utrti rclationbhi;' for the

seam-eare &&axned. £thaO tAe** amutina axes rather sinve for

bams s ?C et as dsign, this equting rY tatiufeotory roclt.,

51 "qtims nSwust f the A eca~iitmn at the5±P iS

ea-rfL% .aet.tyr titelyv the ri~les of kLkv. kLk 117 r. i% wh&k.ad



:tenthof concrsato in a be am ti- the atrpz~n oeate5ers;;tt

of stvrjinard t.Sst :y~~z~s~c~is ttettLt f&AaI tt,-e concrete.,

T n~e'a"na were detAztrired aedzircaI17. In LiasiGfiain t1 )

Thc!, ;)f k se k- tee n tf.wd to sL, ppradi'ately 0.4', kIL9. 3 = C7.625 +

Cwp.rsons btSenu thz theoretical cn ae~rmata1 r ta

Mrs9 been made. Tos are preonts4 in k4th tabtx2v hmd grapticaJ to-r*

nA folaT&Mg coreksionz csz be dravu fras te taut rnivltas

(1) Conmont.- strength ham little ieffaect- on tboe ':*T absorb-

in cascilty of boas fa±JIn itteJ4 in too bus does

hans u effect ca ha enrp abuorbi4S eapeity .f beau.

fa±Jtne itttieJLy in orw4preuwior.

(2) Tb dritdlity of a beau is Upndn upn thA rainforcing

index as can be aeon ?rc= the toot rat tte. Thiud-sin

deflertim' of beams with P! co)ss notir± of 6 x I'l In.# , am

effectim deptb of Aprziat.1y 10 in., and a spez of 9 ft.

naried frcm less than 1 in. to mome than 6 It. when viny7-

ing the rarira load. This is a nariation in deflection

off from 0.9 to 5'.5 pereent of the spQn I~ingtt.

(3) The cureauion reinfcrcerent acdsa to the &ctlllity- ofa

bsa. Ia widtion of cmpresbion ryi4 -Forc~mut itnztrens

the ccopesion zonoe MarA tim raises th Aowntre1 Pnde: This

enableb a Larger argle cange to, teke place lb re tbz.r
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concrete crushes anti tLereW :tnczinesoc the ds,'eatizt whic.z

tie beanm can imdergo and ati11 carry. near msxirn. loa&$2;

(4) In order for tia oopaeasico'z ;mieYnr~saa' tc-w 1t-- t& t

ufrectivo, it 7Avat Iva veil 'As'



The nltimate aim of tAE 1n-restigatioe to tUe demelo~on4. of

metc~ua for preddlictinrg the load-diflectio-n or mcient-rotat~c'n cbrtz-oter1-

latici vt reinforce-d corereto unborn uub~octed tv d;ynhu~c loedtng. 2(ov

erer, in order to p3A~n an intel-igent ireatAgaticn of the.. charaotev-

lastte, tbe loiad def'Lection or mnMk-rotation cb-tset~istica of rein-

forced concrst mabn ottbjected to stati~c ioa4Lzg tat be knon. A

roerisi of tb. aruilbls data uh.'ne tLqt Y817 little ia km accit tza do~-

forsation neqirod t,- devvlop thbe ndzzz= loa&d-.carrytag capacity of rein-

farced coonotoe members. Tsnfwre, the ebs* t of thi phase of tbie I-

-vestigatiotx is to establish the nolationsbhipu betwn-n load tnd dsfonatioa

%vr reiafo--ood eoionto rambrs nfbleotod to static loading.

?be resinm for d~t~trm±&u tie load-daomtiot oharatratices

of rein.foreM cooamto members is to asoertain the enerj-bscrbizg cap-

acity of tb. mebrs. S-tac-e tMw greatest part, of th. *nrpy absorbe-d by a

uember I. absorbed after ta membor has yielded, thos lo.I-dofcnation

charaoterittica of a muter oubjeoted to stream.s in the pl~astic r"g

of parti uvar intereat.

In an actual struct=-e thena are ny kinds of straec #ad

etra.-s cabiznationa which coutribute to the szoirT abaorbicg cajeolty of

the enitiro atructre * Enifeer, dsnce vax.v Ilt~h; ii4- a bcut ever- the

energy absorbim,: csectyr a rs infor-cecl concrete uetb-r e-abje.-ted to the

ipest k~n of ttrat lt was ieed r~cO8siuy to esatlsh W7 exyer-

ixent, the tc-mpJ.l4 , Uzuit . ret&tlonrs for the atza-ie cs~we of tiara



ALlt g-ug a gr*- at vsiTh.-i nwt 0,0coAdered. in a cOMPITst-

stL-±Iy ot the fleral losd-desforz-ation charac.teristics of relnfcrca con-

or~stm memers, it -.as not considered rncticahi.e t-o introduce all of them

in thit ptase of the ±nvest~gstion. Ecvengr, itudion of peyioLs invest-

igationa, and anslyna mAde in conneution with this attdy, ±ndicatcd that

thv- most import-ant vnz~icbloo arc the comcretea etnmgth amd tbhe !teel peA-r-

centae and pr'operties; tL;orefore, theim wre chosen au the no±&eipl

quantties to be atiie-d.

~T results of both analyttcal atA exP*rimAtCI irnutiga&tiCtaZ

am pflnsnt4 d ix thiu report. Ths awalysIs was devulojod to pmdiot ths

lo"r defleotio ovrna for siajpls bgats In flarwe. The restit.s of tbs

aalysis werv tested by csmprieo with tAut rorulti. !t wag fomd that

the method to cwpble of pr.4icting wi(.h a fair degzn of sao=&O tb.e

tfallovkg4 properti.s of them .ood-def)..otion curvea obtaimed fre the tastes

(1) Th los4A At first y71.U2 of neinforcftt

(2) Th dor±.otion of the ben or the rot-atiot in the conatat

ncont noction. at a load corruapmding to (1)

(3) The a~zximv !)9$ carried by tqe beef

(~4) Th-. dcflcti= or cot.tiom re=-cpc& .g to- tle asxir

load.

Witt the"e ftu quantitia. ets-~tet~ dlagrsn !cx" bear with tensicn

Thinfoccni, nly :)r With both teaneion and 3oZpreosion reirtorcegen. ZaT be

constr-tctst, ad,* the ent.?7g-abaorhin5 c eAd ty nrmizruto.



igu ,UU6t:S t t i fo~ tst tC 33 b~nforcced concrete bsvzas

-1n ilo,-flra anrq pcrte a hee and zca~~wit'" the pu-erjict ons of the

aely. Twern4-ernL vl th5ea~&z: war@ prov ided wht,-nion re~.nfor e-

rent only, while 22 vere provid--d with ccnpreesin -s~ well as tensiFon t iab-

forceaent6  Adeqnate poiIia-aainet Usser £oilire wern rsde in practi-

al-I in=. The prThcipel variables w"re {ZLo L,"tea-th c.-f tte ooncrtto,

the, aott of tension or c~presaion reinforrment ared the snnor of tying

the o~pO58ion reinforcem-ent.

tbA teste mnd ettdies nsport4d Lenrin were made as a psrt of an

invrestigation of the relation between lo-ad s.A defonation for rsin~torce-d

concretes Joints tand ambers couaduotsed by tbs Stncttral Renatohb Leaorato ry

in Qha Szt±nwrizg hperisent Station of the* 2m.±nrsty of flhim~s, in

cooperation with tbe Of'ioe of Naval Remnarobf, =der contract 11 or.V-,3.4,

Task Order 34# Project Designation No. LB.P-C*4-ra. This investigation

was inittated 1 ?ebrAry 1951.

The pogra of tUe inn stigatiun was Vdded 1b) Dr. N. He Neatrk,

besearb Professor of Stnotura. flgimorlzg., The jrogroa was tmder the

nwiate di-reeticn of Dr. C. P. Sisg Roeee-rh Asa&cciate Professor of

CNivI rnsginaoritg.

kppmcoiation be ezpeseed to Fx @ . D). T. Wight for Lis worke in

the early7 stagepa of the investigation ezA to Lt, A; F'. Dill, rsivli E~aineer

Corpe, U. S. Navy, for heA able asiFr;ance in connection with t-h: denelop-

m:ent of the axialysis. T7he zanuscrlIpt Of this TC'1 WIor±+AOelJZ- stadlo-4

byt. ~ ~ ~ ~ ~ i C.H pvetRaerh , "V 2 helpful cccnts are
J.s-Uil acu -uvlcdge".A



4. Notation

The following nostioon is ued in thiG report:0

A r= ea of tension retiforcements

AT area of compression reinforcemant
G

a = depth of stress blork in concr-etaw at z.xinm load-carrying
capacity

b U -idth of & rctasur beam

C= corprmsive fore in concrete

C 2  a= preooiwe forme in the copresaion reinforcer-ent

d = distance from centroid of tonLion reinforcement to
aoinpnsion edge of beam

K0 = :odzlua of elasticity of concrete; as.e~ed approiately
equal to 1,800,000 + 460 f t

a

S = moduluz of elasticity of reinforcing st-eal in the elastic
region

30 = elope of stress-strain ourve for reinforcing steel in work-
tsrdening region (See Fig. .)

!I = cam"'e-sve strengh f concrete as determined from teats
0 of 6 x 22-in. yl*r1-i a

fo = defined il Fig. I

f = strees in tez sion reinforcement

ft = streas in cozpreasion reinforcement
a

fy = yield zoint of tension reinforoement

f, = yield point of ccpzAession reinforcement

= !zwrent of ireitA of beam cross-section transformed to
concrete

k = ratio indicating relative depth to neutral axis of tranoforned
section of beams reinforced in tencion oniy (straight-line
theory)

k' = ratio indicating relative depth to nsuiral axis of trans-
fcr-d section of bears reinforced in tension san cozpression
(str.ight-line theory)



af ac: which when :hyiyie WI yie26;3 the distarce
bct...tecn tenmAo.n £nd cc:) z~ssion: ieinforcezen{,

X1 k ceffinlent;, dsfltnlrg the :sagntde and Position of the
!n-tojrnal compresXe force in concrete (Soo rr.ge 2)

k 3 r=vtiio of oaxizxn compressive strength of concrete in beati
-to~ oc.czpeqive strongth of standard test cy~inders, f~

L = length of bec span

?= bendiing cr at yield 14ctnt

2a = z rnbeniine mmnt. at maxim= load-carrying capacity

u = modu.Ler ratio

p? = -

P1 ACb

fl

T ~ Ttcea in tension ninforcment

46 7 zidscan deflection it yield point

4 jt £deap*a defle31tv4 at sad~ini lcadd.cirrying capacity

CO strain in steel'

C7  at -ain In stesi at yield point*

&0 atra:Li in stmsl at beginning of work-hademlng'

C= ultimata strain in concrets

@ota"vattae of bear at yie2d point, In region of coret-ntt

usent

&ult ouzrv~twe of bec at =mm load-carrying capeoity, it
r.gmof Qontant ==ent

* Ii ;R17 cases the aboiT3a2zai ot-j at& inz are us-ed In to
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OF_ R TA r A1,I) FALiRYGAIIC

The choice of thc 5e of the test opsimens was inf'inced by

two factors , !irst, it we de5ired that the bess be uffiointlUy large

so te nmslkst eteel percentage could be attaied by uzing two otmerocial-

cizo defarwd buPr &a lorgitudi ! rciafacexnt. And beCond, the beaue

should be cffiointly mall so future tests under dzaic lo;dimng could

possibly be zAde wIth the eme siu ,jpoiuen. Mth the". consideratiots

in sind, a be- cross sectiot of 6 in. by 12 in. ad a beam s* length of

9 ft. inre chosen. The overall length of the test beams was 10 ft.

e beau were lodadd at the third points in order to subject a

ooniderable rtion of the specian to p=% flem an still kesp w-Itb

reasnabl load a sear requirxta . Load was applied throqh bearig

blcka which wr 8 in. square d 3 in. thick.

DR tbe series of t.t. -playiug toemuion reiaforemat onlr, the

neinforciag index qa Pff was varied in such a aair os to corer flu

ramp from bea having les rinforaant thax pesified by 'ral design

codew to beas having rfficient ruinforcemnt to obtain initial oncrete

acepresion faiol e, This Is ahn in the plot of q vs. f in Fig. 3.,

In order to vary te paraeter q In the series of bem- rein-

forced in tension only, the concrete atrength, f1p was vried frta 2000 to

6000 pat, and the prcentage of +eion ritforcezena p1wa varied fro

0,34 to 7@22 percent as shown it Table 2. In order to vary tbs cenals abd

compresaive resistar.ce of th beai reinforced iz tension and compremsion,

the following factors were varied as ahown in Table 21 conerrte atrnngth,



f from 200 t o 5000 wi; the It rctge oi tcsion reinforcepent, fr

1 8 to 5.61 percent; the percentge of comPeseion '8einforCe:ent9 p19 frVC

0.625 to 2.80 ercent; the rato of the roe of commession reinforceesnt,

p, to the area of the tension reizrorcement, pt, from 0,454 to 0.733; tho

tiss in the region of pare flerare, fron. no ties to bies at one-quarter of

the spacing required by the A.C.I. Code (318-51); and the ,rnrer of tying

the compression reinforciment as shown in Fig. 4,

Since thi shear requiremnts of A.C.I. 318-51 were satisfied, uo

shear reinforcement was provided in the firat eight beams. Eowever, the

first two beau tested failed in diagonal tension, aml shear reinforcemnt

was therefor provided in the subaequent tests. Otside ol~azm pon"

dirrup., an shown in Fig. 5, vere used on the beas already fabricatod

without veb reimforenrent, and conventional vertical stirups vere provid

in the remaining becm. Theu* stirrups were designed to carry all of the

w.Aicted maxiva shearimg force at a computed tmit stress in the stirrups

of 30,ODO psi.

6. FAtoia

(a) m 1 Portlard Coment vas used in all test bems.

Tbe co nt use purchased in paper bags in two Iota frn £ local dealer and

stared under ;rper conditionrq

(b) J~r ! ArwAjeae The finae 6ggrogatc was Wabash

River torpedo sand havig &a average fin neas modulus of 3.1. The coarse

aggregate was Wabash River gravel of 1-in. maxiur size. The gravel had a

rather high p:rcetega of fines. The agg.-gato tiov; ra-, e- given

in TaJle 3. The speific gravities ere 2,.65 and 2.70 'or and and gravel,

respectivesy. 'te absorption of both fine and '.osrae rqgregate was about



One percemnt b'T 'Wulot o tht' ':XDr'tC~n3 oxy e-g'rs g8ta

The orig In of t?&sea gieatc a glacial Outwesh ::a.nVy orf the

IT"2W-ecne-n -lsci+Aoa, The :ra~or oonnit2.Gnts of the gravei. ,erei sanestono

sa-d dolonaJte, &au tt~r9, were' JInor qucontttias of quartz# granite, gneiss.;

eta. T'ha eand consisted nainly of qutartz with the coarser A'Lactincrs sizilar

to the grevole

The aggregategs were purc.hssed in three lota from a local dealer

ani stored iminr prcper conditIons0

(c) k.IAnforoinZ Steel Se-Tver aiztes of dsformed bars ware msed as

longitt~izal neifcrcement; No. 3 trough No. 9. ALl of tlie deformed bars

used met the ainiwra nquinmmetu for defomnationa of deformed steol b~ris

for eOO=fte neinfcrcnsuntp A3!M Despgnatiot Ak 305-50T. A pbot-graph of

sempia. of tbsnw bars is girin it ?Igo 6e, One be= warn reizforced with

plain bars. Al1 Uri wre of Interedliat. grade stoel meeting the requires.

mate of ASTX Naigtatioti A 15-39.

Tb. mt."!. rinforcomnt warn purchaed in V2-ft. nAmgtha fv'- a

aorial dealer. All bera wers from the emn lot except the bars in the

firut two beau iabricite4 which were fr s the laboratory st-ck. Propertieu

of each bar sad 9 drotezsfred frs tenai.m tenti, are fluted in Table 4, and

a typical stmtao-st'ain UWT fo~r each size of bar ii given in rig,~ 79 8#

9,, ain 10. The teists woa made in a 120 9 000O-lb, capacity7 Baldwin Southwark

Tetea-Imorl bdrouJic tecstirg macbire and etraini 'r~ro LeaanrsA sth tn L.i.

etenieotC and r.corded with an au~tic rec:ording device. The erteno,

meter employs a "1'tcro:former' %iAl in ~au~jstrain. Is usd the

extonscwter had a ra,,tga of 4-percent str>;in and an error of loss than one

percen't of the rCad"'n!g0



Z3) re frst 5itep in the q t.

£cctumre of the sciws t-.: ci_,t the lontitudinel barD to length,9 L Te

bras irppllzd '~q r oV s':e~h di=ersicn tbhat two inh~ of 11. nVt,4ataai

reirforcenent e_-,d one tension test coupon ouJA be obtaired frm echobh bar.

T ~ ~ ~ ~ ~ ~ ~~~~~E~r geelWetk -~ri-,G tFL~ I re then zarked and the

gage holes vmetad and irilled. &a~ll piece of &t;ii~etape was

Alaced over o_-ab gage hole to protect itL dm'±ng the casting of the concret.

Corks -4ero wtre-d to tbe bars at each gage-hole lct in order toC foz cons

hoist it tL* sides off the besa to provids access to the bers. The vut . toles

uaq have .)lihtt3 intluence tba for+Ati of tinuion crackav but such

oracky would bar ooc'd 1z any evuut before the stool utnass beoon

The stirrups atd ties wnm fabricated in the, laboratory, sad the

noiuforccmnt was as-unble4d into a nait before it was place-d ia the tens

soam svAn in Fig. 6. The 1o4±itxtina stoel warn placed itside tie strnap

or ties ai uscirely ind to this as sbwa in ?ia 11 aM 12. Spooar barsa

&z& cMJ:r, wre uusd to ins=* e ccte unduie of tkoe bare All bars

ha4 ap~riaately Oma inch of cmnrte *s,riug At air mIct;.

In silt of the tvrise bans with um;.l.eusion renforoingo 41.4

ctstric nobistnce strain &ga wee mountod on thffm rit forcammt. To

LIhcifltatt aoutting O:V tZ~eee g8aes the l1aa winm srcd off o-mr hrlt the

ttA bar for a length of abo:ut 1.5 in. it hag e-an fo~k in

o!thec: Inetigetiowo ti't ttIo :ie2d point e4d ultinnto atrength of the b:or

is Little sffteittd by the 2ocul rc-oviJ or' $ze 1s

*Hogrestsdq E.9 "A Ottuy of Cot.Ared Lending and hxi>1 'e in
Reinfo~CcOot te lienterse% Ytresi f flMinoiz Emg,1Kcorlg cpr

St~0 1 ullotin No 39 Nova 1~951; P. 10'e
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(b) Q0 ut'Lrq of Cromc rc Dtc < concrete vua-, _ in P n~tti

drt type of.~ et c~, toepi ari d Q2&cea with the aid of a haigh

irqzcmy abo~,pet intternal vibr~tovi No batchee - er i'se in Hpoh

be an, In spite oi the nso of a butter mzix to c'ori-dtion the di~xer -prior to

the first batch, the -strengtb of the two s-eparote b-atches heang tJ'e sane

npIu wocticra vexIe2 to ze exAtent. In ordar thabt tho concrt in

the constant accment section of th-t be= be fr= the s~e bat-oh, the first

batch of each mix wan placed in the outer quartera of the teem end the

second batch in the centrr.l half, mae propertiee of the mixes are given in

Table 5 and the test-day o'nd 7-4sy strengths are plotted ageitet the ceremt-

water ratio ±r Fig. 13.

Jlthongb the Pix was designed to L&,fs a sltap of 2 to 3 in., the

actual altup. varied from 0.5 to 7 it. as abonm in Table 5. The ect-

sistonoy warn diffioult, to eontrl beaue tbe aosetuo osnt~ent ot the

aggngato vtzled and tt.. mixing of only two bitches afforded litt1* chmnce

for adjutant.

Tb. tens wre cast in steel1 forust The inteti wvrs rsaftd the

day afteor the temas were cfst, and the bon: wnr stored t=dsr moist con.

ditions for an addltAonul aix days. They wr then stored An the atr or

the laboratory =U~1 test-d. Six 6 by J.2ein. cortx'ol cylinders nnr oust

fro= eacl b-stjt of concrete and weTre vtbrate-d and owed in the sac riner

as the b-ma.. 'Three of th-i3ue oyln4era were teote-d at sven days to gin,

sc-e IndCl',ation of the COjy fUIsi9Te str,)n~th; the reairrg tbmee ryiind~rn

were tested on the day the Lets it,;u?1 va-W t4:tud.



(a) Ic4Eding Aparet8ta The te~n were tested c'n a 9-ft., span with

loads applied at each one-thirda pcint. 7;-e beams were tested in a 300,000 -

lb. c'apio-ity afteblea sorew-ty-pE tssting ;=cbino =,i zr off.--.t in the Mech-

in. to provide accei;3 to -%e enthxts length 'S the be= far :xechnami straiz

jsge recdinga, as %(hv in ArA~V n 15. TjhA lack on the west end Of ttQ

loading rig was ueed to X eep the Thad-ing beam approzdm~t4Jly level duing

testing. The testing mgohiw was uaod to apply defcrnation, &zd a X25,OC>O-

lb. cintloc-ring d~tncwter was zA..d to asz the applied load, Mi

weight et te ditribuating be=, 600 lbf vwa taken into aconmt ir a)-I cal-

oulationa tines the dynmAzstr did not mann tbis loa.4

b. U~~~u nt±U atraiu is tbo steel ware unarard on

uiz-inoz g"g length with a mchaan4oal tyw strain gape. A kiry7 ty.

mechanical strain gap0 was und uni tUe streitsu .zonedd its rompe, otter

which a direot-readizg tye strain gage was .uployed The N~rry gape had

a nJltiplioatiorn ratio of 5.32, and was eqd~pped with a 0.O01lin. dial icro-.

Th y.oisicn of reamdings with Vais Rage waxn on she order of 0.00003

strain. 'he direct-reading gage warn *equipped with a 0.001-in, dial Dix'ro-

met,,er anI was read te he nre 0.001-in.

)p fshown in Pig. 16, the six-inch echanical gage lines on each

bar of the tension rei%%fo7,ct~nt vrn continumas throuaghout t;%e entire span

on the first 16 beams tested. However, a&"r c study of the tAit data

obtsin-ed from thosa eamm it vas decided to elimnante the gage ILnes in the

outer thirds of the ipan cAi 'ce remaining 17 beamsj



lonasted as ehtr4-n tn Fig. 16. Th ree central 5"4 g~eac (Nij 2,,4)

, ez-e oC[ type A-99 wtth s1X-ir'11 gage lengths and wtrea locatti so) ac to be

dOreot~y abom t~i txb centrsl gcgo liaee oni 'he tnsl- InAioz un

in ortt, r that the sngle-cha ga at tLldspan could4 be8 maed. 'The otvter two

ga3ee (Nfos. 1 and 3) weim of tyye A-li, with One-±nch e9 lergzt Ma. nrs

use-d as cbeA'4 i~ea at tli ovAtr ertrmaitiea of the tcnutazrt actnt iMotion.

The &train* in th~e earprehsIon steel at tidepon of Wiz cd 'Le

twelve bor neinforned it cominreauion were marred by masts of 5204 elect-

ric naeitmnc stnint gages, type A-.lz, With one-itob gag. lengti. The

gaps vene nz>: on tae bars and carefully vsterireofe-d vith Petroeati

au3-'altic ccanot or Cyoietm2A 0-14 axot ma that thur woid function

wivprl, aftr bwi aebedded in tA* freak enonte.

Th deflectimin of the beats with respect to tht bed of the tnsta

izg aaobis ware marced to the zmrst oze-humxdtt of &a inch W7 soas

ef a steol scale ad erowa-eotion pr;w targets an the sides ef M be .

These dflntinas wre siasted at satan locations Clctg emob aide of tboe

first 11 bean tefled, and at tir locatiou =2 aob aide of the rnata4-sy

22 beum as shown inLtg 17. In order to deter±mn thbe midapan dsfl.Aiotx

ouwrns won soctirately for the last eiglit beaza tested a 0.001Z4n, dlei

ind-icsta defl.aotoseter won use.

Trhe eppe~rance of the fiilvxe of the firet beam wuggesV~d tbat

the diagonal tension fetlhre could bavo b-eti imltiat-bd by, a bond failure;

therefnva OOWIin. Mfl LeO-cavrs were mota~ted ona the seco:Ai bei ,

orl!er to detcet s7y etd-slip of the tetsion retntforcezerent, The failure or0



T-e re con~ r-1 bo evi Q iL;' -to -W'f ilt uts sRn ar- t 1±nco no end-s lip w3a0

observod, the3ce ze mrn~were not sde mn tne rezoiAnin' be&o';

thae bec~a vtre tested at agee Lrin 2.C to 70 days as Ehov.m i

Tabla 5.

thke incremente ox' lcactUrg tir--3 baled nipn the critical, iactore

tring each stage of the -Wzting prccedtrc. 'Up to the yreld load. thi In-

rzrnwnts e based upon te d~yacater readings vtih inasrd tUm tOppiei

Icad. The Uzd which caused ytoldttg oould b., estiusted clooely frmca el.

oulaticuav temen an ultm*ae thteory or frn tbte nusiflt. cf wevi'~. tests,

After yiel4±4,t the ±nrneants of loading worv bated ucnt the co=-*t*

strieSx ntil thes coonent in the :msrsue scm cmr~bd, "t~r tbe 7,Ola

nto oruawd, the imcsnts wtr bted up= the inxre defleotioas ati1

the bern collaped or =til tke tost via stoppe-d because of the imutbil~ty

of the loading appcatuu. Fru' four to six Apapdoty equal inoreeta

of load nnr applie-d betwoon zero load and tbe yield losdpwAn deMe~ng

upon the dutltty of the been a total of 9 to 25 inorsmntu wore applied

between taro load and collapse.

The foldng ineastrementu wore recmrded after VL6~petI,%

eiob irroremeut of detonationt;e taxi=~u lead attained dtuirg the

arflAiction of the detorsation, tite defleotions alozg the b~eau, tbA DsrL±D

fz tke concrete, ttze Arain in thes retfoceaent, end the 1"d the betA

was cerririrg after all1 "eaer=emeta had been taken., Iz uCition to t a"

aeasem'e-ats, the crack pattern na! m&6emd after each inorer~tat rAd a ruazni C,

log of ai~y stgnlfioent change iz the behavior of the test vs: kept

A cofltirjofl2 4-Lrtgc %!,. re,;ord -was =ede )f the hza",O 6nrri test



*itg. !hes5e ptotgr 1rn were tak-,en t every Q i421e&t c-1ws~ize Th the e-rac-

pttern or I.L tbl! gevr.ia2. epearae of w-e ;c-r tZZ_

cm 5 film frc:m ubioh poritiv4, Pr sti wC- 'itdE7pO~cct

ttese bocYjibon , ocreen the appearance of thtq be v~u i tletirfw-

tht cdenloirent S, orackz' could be stttisd.

bA *yplioatiore of' eon Inortwnt of. 1ouu eiiJ tbs ckn of r1a.2

the* zemorcents "eqtred eLtt 20 tinxttas. The entire teutling of cue be=

reouire4 from ftrw tU eight h~

On the day tho been was tasted, six eonorv~t contrcl cylinders

vare tested, (bn fCronseh batch of cotcrete in the bit:.



ORrYICAL M0KEVZT S AND DFRK1t

The following are the asmszptionsi cede in the f uaiir~2or

the crett eel Aea~cl-t12lotion. rel~htionea

(1) ~ tratn- di-t4.ui Linear 6ietribution of rtrains

throwzhon.,, the &tb of the benm it asra'ed at all atesges.

(2) §js:rja~ LIII nbiv for atni The atrena-atx'ait

relationship for the as~el to slatted to b, known. In the

tlieory? the actual stress-trizm curv of the etct-el. is aprx-

lasted by an 5dealitusd e=r ootsietxg of three straight

l*n a asa shnn I in i. 1.0

(3) IAJtdmi ZNl'ite by Cmstd. Tatsi@n 5frelsof in tUa

concrete are Megletod. Althouzgh sms teniot stremwes zat

alwas exist, tQeir effect =n the instcrryn4 casaoity

and defwrAtion of interest in W~e report onz be neglected

with little error,

(4) Ca O L1AatiujZ±La. 71he th. cry is

based tp-n the asrmpt4ot that the rx 4 n fleraal oapacity

is reached when the concrete crzghea me crvzhIng of the

concrate is esaxr.-d t-o ototrm when the comn,.eta etzaln rei ,obes

soz: lidting valuo thet is eurcmd tc be k ts=otien of tho

comxeseilve etreyagth of the concrete.

(5) -3odt f2~6jOl8Me The comreSeton Ssel is

amsm,x to hackle! as :oon as K% v r~crete orueahes.



(6) nd bt'-~en or~pt~j§'&443Th -Coiu; ecJ2Aitton t -

tA een th.e reinforcesent Lalki tho '-r1e±t~rr~ the

condition of ccrp *tillty of ~ta4.Fr'c odIs

& t~d to exist bet-'een the concrott a~d st-eel. 7h!s

astption to not *trictl7 oo:rsot cizce local Dbond fail-

urev oacar in the vloirdity of orsoke.e

A, ELLIS R8"QR) ER TWSIM OnLY

11 t j;dZU

The load nid def'ration at the yield point -as be satisfactorily

cit~oruitne4 yujm of the omventiotal. Wu+ta-.htlineU theory whioh aurass

a Inear utreaa-strein relationship for the conortt and thus leads to a

anoar atne distribution in the cononte.s In reality, the atnues diet..

ribd ,cn in tbe oononste will be lUtsar only ±e the znirxu fibtr stress

at tho top of Wl bman is well below the oinpreauive atrgth of the com-

orv.$. ?b~tu will be trute only for mnde-minfor-ced bema that is, beau

h~aflang prrcetegeu of nrdorcam~t or volus of a below eon" necessary +o

prcow~e eiriltneoous ?felwte by oruabirkg of the cororeto aW yioldirg of

thi m+teel. If a "re precis# calouletior is desired, a conce~te stresi

bicok similar to that shown In Fig. 2 mcy be n:plopta

Tf L~iaar ctnesa-struin diistributio-z it the co-ortt is easnne4

so sho "- the* ,ket-eh on the following pgs, thbe y-.eld-point aoont abi

iefrrstiona for be % - reinforced in tension only aMd failing by yielding

So tihe rainfor -mi--t cen be eo:! p-tt.d as fofloveu
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T - Iw-

frn~oe A Laeo Alstriltto

If %m de fine

thon, to it the oonveotional 'etr.±ght-23n.' theory, the depth to the

I'kt tra1 axis is W Otr

k = 422 -;v2T (3)

The rmctent actng o-ui ti- b eam when the reinforceient is stxe coed to +11'

yield yot-at,. -I 5s th~en:

7d
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The L0O1et of' inertiq of the Section, trensfon-cid to concrete, io?

w k+ A d2 (I1- t)2 ()

And the cmxvsture of' the beaz dus to zoment is:

7 = ko.(6)

&:ce thle M o tcre is arotdxatl.,ya straight l±ze up to

yielding of the reinforcement, the distribution of curvature along the

benz is the am* as that for zicmnt. 2henefore the yield po1zt deflection

at zidspan ofta beta vith tb±'d-;*±nt loading Ins

(7)

where I is the spea of the beck.

12,. At-Mazin I;'d-Omnrriu Caipcoitr

The load and detonsatiozu at mains load--zarug anjacity oan

be deterzinet by tha use of sm tltizate tbery, derimtI In the foflswing

prarts. Th th~is !Leory it Ii, necl~usry to sntv e a At-veei bltuk in the

concrete vbhioh is represented by three psx-aters k19 kr0 "~d as shown



in Ttig0 2 and itk tl-o sketch below.

aua

6 Cwk, 1'ba

d

SI 14Stress Relation

(a) MAU M0t The mad= floxma1 load-carrying cap-

aity of a concrte be can I* ccnpated as followu:

From 5tatioU, referring to tvo Xecedtng sketch:

=,k~ Ae = =kf pbdla (8)

)=T=( - a~k2 -pd (dr' k-a) (9)

By substituting Eq. (es) in rq, (9)9 , is obtafred as fo1Lova-

pf, bd2 a- A (9a)
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The maxdi= r~zent gt ven by Eq. (9a) can b--s deterd-ined 1I6f

1614 the qiantity are known. The value of varies s=ewhat

with Lt, but ftr this and other investigatious, a value of 0.5 has beena
ftout to provide the bemt agreement witx the zeoult5 of exjzriment. The

5teel straoe f mf= be at Vi yild point, above, or below it, depending

on the ;roprties of the beam. Zxressions for f. are derived subsequently.

(b) H i=J hoet Deformation, The deformations corresonling

to the maxd m mment can be compated if the ultimate srain, u p in tho

top of the ber and the cerrespom tlg steel strain, &, are known. Ultimaie

unurnte stratus meared it the tests of these beor are shomr in Fig. 18.

?or the calculations included in thi~s report, it Ua. Won assaed thatc

is indepemnt of ft and equal to 0.004.

asa

concrete strain, r. in the top of the bea are Yng the ;arvatzrs of

the bea at the location of saxz zmeant am be ex nhad &as

* V.aa + mm (10)

The straitn in the tnsion reinforcement may to omputed as

fr the strain relatoraz

C,

+(11)



wbil iro the stress relationsa

A = Pf(12)

;- a ) (13)

Values of stermird frcn: ths teat results are plotted as a

turotom of the coorete strength in Pig. 19. Por the oalculations iz this

report the following e ricml equAtion haa Wen used.

kjk~ 0,625 # -. 2 (14)= Zo - 1500

tM relation of thi s orioal ezehsion o the reslts of the tit is

diomsued further it et ion 18'.

If and tfure kmcvn, the steel strain, ca, cat be detasrd,

thus, enabling the curvature of the ban at the lo-cation of Mazi=i noment

to be computed, Expeasions for f1 arc derived in the following section.o

(o) NterPM~nttOn Of treAss in LesO= Rai~foroe=ent at )aXdxz

Mwn noe stresso in the tension reinforcemont, at mexi=m .Le't. can

be conpated if the ultinate concrete straing ,.9 in the top of '(I- bec,#

the values of kik3 , and the stress-strain relationship for the steel are

known. ra ulttmate concrete strain, r- is taken as 0.004; kk 3 is computd

Crom Fq. (14); szd the tres-strain relationship for the ateel is detarired
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by coupon test or fro= an idoClie etrass-etmin r,4-vce ab hovn in Fig. 1.

Solving Eqs. (11) atra (12) for f I

f =(3 1 3c (15)

Zf the stress in the tesi on Taimforcewnt is below the yield

points

t" (f.m ft . 1) (16)

AW .sovM q,. (3-5) azd (16) for I iT v,

_ _a j ct (17)

It the stress in Us tnime rinfaraoat is abmo the yield

f f0 0 (froz Fig* J)

0o



And solving Eqs. (15) and (18a) for fs, 3 ives

Th reaiing cause is for the steme in the tension reinforce-

ant at the yield point, for which

f Cr rg. 1) (20)

t order t. determine whether the stress in the teneiat rein-

fooeinat is abm, at, or below the yield point, the critical vaea

Pfn

of q.r coreupobding to & SWc, = unt be )own. Thse may

be cojmted as followas
pf

Solving Iqa. (11) and (12) for I

kt bothbc cy and c = , fu =f sadthus

(22)

f c, +



The. uplr critical value of q is designated es q.o It Ys-k +hn
boundary between In-itial failure of the beam by crushng oi? the onorete

Ead by yieldig of the reiniorcenent. For q)qor failure 0ocrs initial-l

by orushing of the concrete while the reinforcement is still stressed $e-

iow., th~ eJ ptoint ha+. , mp (f 7. The strain in the reinforcementj c3 ,o

at the limiting condition for yi,!d failures is equal to ,.& Substituting

this value in EDt (22), qe is obtafied as follava:

k~rk+ (23)
CUCu

k 1mw critical valv of 29 differentiating between f8 = fy

ani f f 7 at fulm, is designted as q. The strait in the refcrne-

Mt for t i Bag l o candition is C= C B aubtituting this value in

Eqo' (22), o .ebtancsd su foflowas

+ LO (24)
CU

(d) Nteminatlon of 1ffc1-An Deflection at -eA

The dsfleution of a bean can "De oompvtted if The relationl between inetcnt

and curvature is kown. The tmrat to which, a bean was aubjact-ed is kowni

from the mneasured load and tie dimnsinns of the beam., The relation be-

tw;apn the wment and curvature cant be detemaitod from :zeasured strains at

a given laid. Boiever, the raxim= :40.oat -rying capacity of a rei,-

forced concireBt beam can be computed fro Eq. (9a) and tkeuxstxe of



t. e beam due to pure fleniro from Eq. (10),

The =ozent end cwvatire at the yield point can be uomrated from

Eqs. (4) and (6)g and! the m~~ent an~d curvatuvo at tha maxi= load-carry-

ing capecity can be oomruted tie stated &anoi. Fro:A thiee valaes, the

diagram of moment, vas crsture can be reresentsAd apprc.-zsta~y by straight

lines as follows:l

The geziral uatm'. of tbhmosr eupua ve ry well with the nsiflta obtained

fros moun-d straino in the acmatant momnt ngliom of the toeat bin...

At tbe maira 1oad-'ic'ry.g capseity of a be=n, the saflza

aonnt can be rcwt '-tsd by 1q. (9a),9 a!k t~be distribution of scent ulong

the ben can be &sitemizked from atatics. The H - relationabip deter-.

wMwd for tLe section of pm- soent is anwzd to apply throughout the

ejatirea length of the beam If' the oraodiug due to Ehar is negligible. If

this asoaption i.s made, the 2"ofloving distribution of curvature at the

aauiata 1oad-arrying capacity of a bean loaded at the third points is



o0bte5i n(4dsI

Eovsnr the dsflection of tbo tleas iii litt. affect-ed by, the

sbAj* Or aapitte* Of the eirnVts d pe it toe ottr third o f t~e

beon. Coneqently, a sisplifiod disWribstaa of om tr. hAs best

misusd ts fMlIMS

For ibe aibove diitribution of etryature aloM4 a beoa loaded 'it

tha third tdttbt =±dersn ket-lnation at sastun load-carrymag eoaeoity

car- t* Qi e set4 foflcvu:i

2]
4v .~ 15 + 25

The slove computations for AUi ax" ru31d only if the craokizrg



duo to chen-r lia nogligible, Tb±9 ii trule for ths beere t,-nlcb were zett,

forced for -haear witln the OcfmpoJ! atiTTr-p5 bocuise; the 3tUCp4 ~ trse

the be3am vertically in tM, cuteit-thirds of the beans With- the cracking d-ae

to shesr thus inibited* the b-eazs ecteC --, iX they were mubiectad to4 p;Ze

ro~ar~t whlich was constant in the cezttral tbird ot the te= Lixn and- 'autod

linearly from nvisiz to zero in the ou-ter tbirde3.

Eowncvr, the beams which were reinforced for shear with convstbnsl

type stirr ipe shaved extensive shear orackihg in the outer thir-da of the bow~

ap&n. TbP- is dra to the fact that the conorota nzt, crack before the

stirrups can 1*cot effective, in mloat cases the crocding in the outer

thirds duo to eocbinod aLaar et isAt via as ertetxdn as the. cirao~.ng in

the central third ot' the tes. rlarefore, for c~lculs~tion of the deflections

of the bars reinforced in shear with convntional utfrrnpa, the effeotive

cross seotion wtioh theoretically eilst~d !a th. central third of the be=

was mar~d to sct th''qhout the entire length of the bem If tjztaseaurp-

tion is ade th-e distribu~tion of otrvattre conesaao*Yds to the distribution

of acient at matrtaR load-carrying capacity as shown below.

IT

for the above distribution of oirvatxr etaong a beam- lolded ut the third

poifltst the micdspzn deflection at zuirr load-crrrtg ceysoity7 can be

exgzssed as follova:

Aut=11 L 2 t (26)



B.~$ r hCZL T.4 TL'3-10N ?STDCYF$

13. At Yield Point

AB in the case of beams reinforceri i~n tcn~sion ori2y, the ILu14 tLt&

deformation at the yi--eldi ioint of beams reinforced it both tes ionbd

con-qxession can be deterrLted satisfsotori1 by use of ths convtonsl

Wstreight -lne"l th~eory. Hoveyrgr if a aoie precise calculation is des~red,

a cencrete strests block sixilr to tflt shown it tig. 2 may be veaployet

If a linear stress-straim &istributiou in the concrete Is esst~ed,

as shown in tLe sketoh below, tbe yieldevciAut uoznt and deformations for

beams reinforced In torsion and comresuicn and failing by ytelditng of' the

reitforcezent cot be cotputed ts fofloves

0k' d rt$k97z/Zf

e-- - 7.* TaA,1 1

From the, px.p~rtke-s of tne transfomd meoctfori

k t 4(3P i' ( k ) (fl -)t + -( l)p' + npJ2'- n-lp'. ]

Wherc

n= Ez5,/Z (2e)



and

A'
6 (29)

endd

rr= statics, f -- - -1 (31)

and, from gpontry,

The ant aoti4 on tba beem wten the tonzsion roinfoz'ctet isqtnunpd to

tbe yield poimt, fs ins

This nomnt of Inertia of Vie nctton, fransforind to concrete is

t&Ild' 2 +k 2
~ h 1k) + p!n 1)W -d Ilj

an-d the curreatre of the be=~ d~ue to TZert l

= '( F)



33.

Since the Mi Cizur.e is 8>~~2t4n str,34d t 1P cto

yielding of the taijsion reinlorcertent enG thaF difigonal t -ncon cracKs ore

neg1Jhible* the &istributioL of cwlaturn cloaj the b-,Ptn is the Giz as

that. for moent. Therefore-, the yield point defhc,-tion &t, zidspr: of a

beam wilb- thrd-pon"W loading is:

4,I io (36)

where Lis the span of the bea=.

14. t Matria to a d-C amrriz Cuate c IW

The load ard deformation at uxAxirt load-.carrying capacity cen

be deternizmd by the use of an ultimate theory, derived in the following

peragratus. In thiu theory, wh~ch is a uo~iticatiot of the theory used for

beams neinforce- In tension only, it is necessary to aaet= a strtes block

in the onrete which Is rep2'esented by three peremotera, kp* k2, k3, am

shown in Fig. 2, and the stresm in the cyanaslemn steel to 1 - at tt. yield

point. The tbaory, Fesented In the following peragnaphs, asstma that

the compressioL steel has yielded at the asximt load and that it buckled

vhem the concrete cruthet.E

S kd

Strcin PPtetion StrXess aelation



(0) aavice. ±n m za 1on.&=cnrx-yfrs cepeoity

toi b cozpa.ted as £ollcuws:

Fr-z atet&Qei

k1k ftfba + f'Ipt I ptd (37)

pitf - p'ldf't
k t (379)

&Xd

=kjk3 f lba (d - k.) * tq p'Ykv 38

By mbettitbgtmn1mof j fra1q. (37a) intolkq. (38)o YU=ais

obtaist ai folJlw3

Mw scdzu fl=-u2 oasoijty of aben oam be Lfrt.2sdas txy

Zet. (Ilk) If f.4 tb. qviallt4ty ers ban=. A, It the osptat~om

of the nfl±Wfla flrcel=& 'oapoit of bea reImforced iz tenuira only, k
iu au od to beO4.5 Th v.lteof fi.xqybe at theyeld cat ao'r

or below I-to d'pendi4t urn tbs6 ;ropertieu of tba bum. VWeuuins for f

are deriveod ambAeqti7.v

(b) AWx&xM. I*ant Dforz~Jjo, - Ths defoatiocnoxonptg

t;V ths naxrm- cat oa be cc-pntec eiployixg the a&" princi:Lp2s ud in

thei :zwtatior of ttt' dZorrat~oza of the tijats rVAtrorce3 i~u tv-naion culy.



For these cojs~t ~s&azd~*2±ldevirdent of: f, pqevxE2J to

From the sta,&in ralatioL

kit, d($9)

Th strain i.n the tension retnforce-e nmay be oczrated no

fallowat

U f (40)

While fra tb. stress relatones

P a 4 ptf t

Yrrna Eq.. (1#0) and (41)g

- k if;

The talzes of k~k 4en obtained from equtetion (14).

±kjk2 "i the expresuton for f are kovt, the at-eel mtrasi,

r- can De determined, end the c-lrvatue off the beam at the lotatiomi of

57 mnxlm= n rjsu &t confdt4&i The expreseibu s for f are derived in the



(o) terminntion of' the &Strees in Tansiona -Ab ~rts

xgiwn M'ernt With the assinption thcit th- t e reache2 its ar'm

fkrursal capaotty 9hen tt5 ccn.±acr ~ushes,- thbe etre at, attxr zo:"nt

can 1,9 coavAed it the uJlt1.3te oorrrete strain, c, UPIm tIhe t,.-p Of' The

beat? the valties of kk 3 end the etree .;Btralix ra'ationeUP f'or the !3t-e1

are knoWm. The uiltizate corjn-%-t tsnt± #. ic eetimad t-m be 0.0XI04;

klk3 lo oompnted from 3q. (14)1 er4, the etre5-8tret~ '.1atioms~p for the

steel to daenmtnod by coupon test or from an idealixed atrehhastratn

curve as showm n ?IS FI*2

Solving tqs. (40) ant (41) fo t, fs

aems (443)

If tM ttrnus in tbe t41±l n±ZtflOAt to helw the r.Ul

point:

f
c. t (16)

tb~ solvitg Eq. (4)and 3q, (16) for ?

7 'Pl-

[k-~ It F~f ita u
;%P~ ~ jb LU J



Vie stroess in tt" t-eneior ionoc2 n 37 a3vu thec yield

poiatsI

fa f of+

tan Sol"in tq, (43) a" Eq. (3Am) for f I
.A

Tho flhf± Cato is foir tb *ste in tbe tnston niziforoen.

snt at tht fe~lt poit, fsr wvIis

t* t3, (20)

Li order t.6, ietoon5i. rhethar Via stns 1z~ t2he tansfica ro t-

£a'nuat~ ii at t., r'- bel-W t. yioi, Az +,at, teOritiomi values Of

... rn%...4a corree cnc -ng -6- c. cin"st be 1mwt

Tna~e~y 1~02'v~odra follows:

Soiving me.- (40) -',t (41) for TL..~Y



4% (46)

it bothac, c and ce=. . fc7f t ~d thaeti

The uppr oritiatq1 valt2 of is designated a q' It

establiuhes t* bovndary betnern 5.itial fdilme of the be=m by onubng

of to onnte W by yieldizg of the relaforcent. For q' q' or,

ailcoe ocum a 5tially by ornbglang of tbe cnorse while the noixorco-

next isc atill *trnnd below +the foild pott tbat is, f*a f I The strala

im the t4Lsin nLirfor-oeuet, & at th l±.ti 4g oomd~tiot for yiold

failmos Is equal to c # Subt*tt tWi vsaue in 3q. (47) Is

*btulim as felim.t

4,8

The lowr oritioal nle of t, nrkig te bondamy bct'n

f 'f W f f ati '.>r; 1ideusguat.4h sq;. Tho*strainIs the
* 7 5 7 -0

tinioni neiSe~cent for 'Ails l~ain cam is , I . *, Sub;titutinmc

thfr valin Lu q. (47" q is obtsaed as foli-ws:

Ykk
q! (4r



39-

(d) pti4tag, tm i 1 anoncj~j ~ J t h As

tfleotioy- Q1C a be=m can computedif the roletion bs-tg-een mo,&nt and

onrvetzr kit m. All the Dew reinforced ir comjreseo- had convuntioinel

*tirrups as nhear roinforcrenmte Ier-efore, the u.rackin~g due to aheor wa5

-A'Tiiv for the aais retaonu stated In thm case of bae~s reinforce-d in

vtaiou onl7 =-d reit-frrci~i for shear b-y conventional atirrup--. Sirce the

b*An s ro nxt*ninly ersckc in the cutmer tblrzs of~ tte bean apin at the

a&dmnw load, the dietribwuio efl £rmtin a-konj tM bea=# it ma=d to

oorrssn4i to the distribuatioi ,f aownt at the samn lo,&d-carrynzg cap-

edity of tMs be=s te shown below:

for the above distributi at ofrnmtte along t bees leade at

ths third pointa, the addepen defl~etiot at samIrs load-oarrytqg apacity

can be ccattd e follws

A lt= fi t t(50)

15. $iar f kuttatom

The foUv-vtng eqttin's, wioh vera derived "n tla prn4dng

reotj~o-L~3, - n be) Um-d to C~ptoa the cz.:tica pVAzn4tti for the dstrm-

tnton of the 1o0,-4e6flettcog cnrvea or thb* totentarota'tion sve for



401

~ten~rceCconoret? beazbsj

~ re~scc ~ttension only;

4,4

2

for bon in vtblch the ehear oraok~ng was tot ±nthltt

Beu reinorced in tnsian amd cowleusoim

$~'2 b-3 k "d~(



(35)

lit= JbdjPfe .i 1+'ptd2V" (38a)

= (39)

A41 =lL tit (50)

(All. beame nbibtcd *zt~nuivs &bear oreok~*g)

The qiiaitltieo tob oxr snntial ±n the dettrdra44ova of t)o

abn quntitem ca be obtum from tMe folvv±mg:

kiwi neifornt in tensic nly:

qu~ (22)

q er (23)

+ I~to(24)
C,



~SU C~j~r)2

r f (20)

f juf(3Rc" -f) (19)

hens nlore-4 in temalonand ocversuione

* .Zqjmnf (4,7)

or c(48)

c0 (49)Cu



q;13>

(44)

)f qrq>q

j (20)

If q 

ft ft 12

m. nu~s f 0?,

7bo T" ofkjkq 7 oand r, e obtAlaed .np~rieaUly ao

followi a

c = o0. 00 (.1±g. Is)

k 'I
13



16. Messured and Derived "tgitigp

7he £olocThng serGit3fX,- necorae ofter the epplicatOn

of each ircrr-.ent of load or d.?orxatio! a the Laxdrd~ loe@ ctts4ned

durimsg th~ application of the kcx~~ tvt the defl %otion along thae bez

theo otraie in the concrete azd In the rel~nforcment; and the load the ben

was anrrin4.g nttor al sesurexenti) bad biert tc *-.n. In addition to these

aoaeoentu9 tbe crock patrn via aksd aft-er sach incn-mumtj s rwmng

lo" of &an 4pitctnt obaugo 1L the b*ehav5.* of tbo twat vas kspt, sal a

cmtinonu $tetgrepte record was mae ef tie beans dvring Utimtug

kw2.iar tosts were ado to £oton±NU te ncno *trozgthb and

tie*tlU~rtMZehmnotuofstioa of tie noiafrcowat. The acnte+

efroagik virn detenmne ftin tk'n mnntU eylr east free ead k.&h

of onuete, eM tUm atrouo-etrtim ekaraoterietieu of Wwe stol war

dsteru~miv frsdm *ttoi ieapa taona frn each bar uve" i tbe tfb-L

cation of the boom. These teats axe deacribed in Seetioz 5.

The foflovizg quantititou wri derirud from the setre-d qnntitiea

lafln= sant attainwd in.Thz sm inarm & of Imd or deforsatiot azkd the

ratio of tht memnt to tba axwa nnwt crried b7 the bums; angle

ob in~e Ina tbe region of purc flernre, f-re the waszrd cente and st*el

Ptruin~ij sat-ress in the reinfrrcen% tree naamed strairs ad the stress-

otrx4" h-icftst obtC~zd tooG coupon testa; axnd the deflection of

tha central yortian of the bemam due to pure fissure, cbt-dned by snbtz-cctt,

ing the thir-d-point detlsitton free the uidmpen detleotion.

The msrwi- and derived quhnt.iti. axe prepoent$ grap~lec03Jy

jn cthe 1',g-trren cf the ajpe.A~iz, The figtuea I -the apper:4is contain the



);5

foltti'vz pht3 itot h P'azm i.tettts np34d" Toed VF-, tan.! C%~~

~tt1.at zidspanj app~ez' loii2 vs. cvnonratt $tv3±f or- top a'., b-- at- mid-

ipsn; 4ppled load -vs. midoTpsu dsflection; applied losd vs. iced-point

eflection; deflection along the bea at variouts ctsges durin~g testing;

ratio of' applled noment to madim= moent- atteined during test va.atl

change at ztdapan; ra-tio of applied mowt to maimum rnoent attatned dur-

±zg test vs. deflection of zids *u withu tosivct to load-point; ratio of

a3p-ied' load to maxim= load ett-airAd in tat v&. w.1dsen deflentloe; ard

ratio applie-d load Uo aaxia load attuimd in teat vs. load-point deflection#

(a) itial Tension idlml h bees vtih fauled initially

In tUnsiona ezhbWted large delections betnin tb. yi.24 load ad tbs load

eaming eoflapn,# ie Phas± b7 the lat-dafleotion earns in the appetlz.t

The relative sagitti of theme deflhotion awe dapodent upon the fl-a

inter qfor becu reinzfoznd !,,a tenuioa c2y, ao can be men 1z Pig. 20.

The tollmng at,,e y ere obnorved duflzng th. loaA.lng to callapse

of beau@ reln~orcod in tension ontys ThA concrete erackad in tension under

e nslatirely mall load; as thea lad fl!,. koreanad the tension nainfomn--

mant yielded; then the be&= uzdervent a relatively large deflqotlot ,with

tittls fartbar Inortise in Ioad. Wbea %he concret iu thle comeusion

z=^_ r~ieA ) It^ limiting &train, the matrm load-cerrying captoity of tbe

teas was repohe-d and compreaeiYn feilture occur'edo

Thn a beam rein~arced in tension only, t : distance down from the

top of the ey oer ibich crushing occurrqd was dependent upon tho

relative egnzit~e of the tensile force aul the co~aorete strength. Th±s



rattiC tc 0c- jet5.LtuQ tity7 q = l vhsn th - depth Ot'

>121corn t.-&on F"iilxzxt in 11 ccrtp.red t thm, depth of 4Qn Dr x9

thvre lP3 omple concreteo rezt-Aiing afteor intAml i'!i~ire to cmrr" the

compresrive force tziat existed et mtsa= latd Eowe-ver, t~lo lever arm

betwesn the tensile and compridssuv forces in reduced. Conseqtksntlq tbe

load-carrying capacity is low-nre4 azxi it conti.*ue Us dcnratom cc t

cosyaitinA faiim'. prognus dmi t~zuOh the depth of the WtR.# Cm the

other hwd, it the diptb of init4Ct oozwosion failu'e is large, the

retti counet it tbe eccinpt 3oDS ma be able to carry o=l a

sall port4= of the ccajresuin force that existed at seriaum la&4. Con-.

sqmrtly, theo 1lo&.CteflyiD4 oaacoty drops to a ver sail fnoction of

that at =axir loadmue as the+A co te onruba. Th abov dis-

cuasion shns thUat ais a major factor in the detntncntion of te nt*

ot drop in t+.Id.-ori napsoity e the sazxr lo~d-earrTsM

capacity Is reae?*d, This is ala. shou ix Fig. 20 *e tAe rs of

drop in tbo load-oarryitg capacity, is psroont of the mzizs lea4d

- attsin~d, is seen to vary with the ntaforotng Wnex q.

tntil tbe tezasc steel flelde, bernm which a"e reinforced it

both tension and coapnussion exhibit nut% tba san behavior as the beau

reinforced in tansion onLy. ?be behavior after crushing of the comcrete4

dser4. lurgely upon the az,5t of coornvion v~@noretA the

*ffeottveness of the~ ties. Zr +-" cocareusint reinfoneent Is not tied

or is poorly tied it wil. buckle as so-on, as the concret. crashes. Hoverr

if the tiati are effetive, tbw All inhibtt th btwIUag of thLe coap-

C resion steel after the coner4.,t r's cwss.!fftitve tias also force



conze~cp.r~jnforzig sjjo aZYI locally 1'ttenar th'!- ti.es 'TUhb

enablIes the btc to exhibit, e. zLh more rjtcfbiilsse then If the coraT>

rec~h rei-.-fennt buc-klee ovr a lonj Thngth as in th~ et of it-

?igire 21. ehona the ~idfli.gce of effective and ireff'ective ties

an the load dsfls-Qcm c~V5so 7he beens ran z, s:cpariuon bid compar-

able (oonoretoc atruxagchs "i idsntical ret !~orceint. except far theo netted

of tying the ooaWsson reinforceAat

As discllsd in Chapter ITV the aagnitute of the strain it the

t~nstonnitorcnatat the aetna 1cMi-carryizg capacity is depenidont

upon the parameter q for tbe bons niuforoeG in tension only and q, for

tbe bews reafereal ix teo aot cisampemnn If tie strain in the

tawm rsiafwcerst at tie mccian lo'-owry±Ag capacity of a beaa Is

beyt the yield ramp there ill be a larger parenit ef increase ni ta.

lnk-.u't'ia capacity betWna tie yielA at satu loas thn if Qw

straWixL te tnsin reinforeamaxt at failve ame within tbw y±.24 rage

-~~ hows wtl±c r,'a reWoeee4 it tauudon ard eapresion deflect

rwh more before there is a nbstntI.l less of 1*ed-earryi.g capacity them

a' comparabl, beam reinforced is teusimn nly. This is dw magil to the

ach Uarger strains in the tensior roiafortmnt obtainable it beams rein-

fortced in both tension Mud coxpresfione Ftrr-e 22 iluistrates tbhe relative

mAgniLrAdc; of the- etzlrn thet wn% attained in the tension reLaCccrcen~t.

of ccsparnble beans - Onti with a24 omo r-ithout orimpremeion reiniforcennt.

Then. Wana bad ccsi*.rsble caicreto str*ngtb* nd identical preentaeps of

tnion reniorcemt,

(b) In.VAal Coap~e~goi J atw ??h&cisonaeoeLV

uthbenms r-ein~forceri in tensir.onl cn Decriee in thece tis zo:preLA5ogl



f4 wa Vre Observed Only' Irt SeFLI wltao"t co-":.n:tion reirfzrce~xrnt.

In ordtsr for "- b-,rc to fail1 Initially in co7,}i,-cuion i tnoatll

bAseh psrcaztasgoe of tenston rnorcenont n-.-couired. An over-reizi-

fored *e is orto in which Vse concrato in the rcflT88niof zonle tdile be-

for* t;he teutgt stnl reaohnm it-b yio?4 pot A. This mode of failweo

cnplit9 by beu Tlt, abxis little if any dutility. Az tao boss is

defleatad, tbhe cowrte in the tension ton eracks, than with a relatively

smail Sd~ition dsfletiom +.be omnet ii the eaujresdcn aome orntbes

Size* a ratir larg tensle force I. required to caun a beam to tellI is

tie inar, tb 4;k of o0a20"t4 tarelved La the lutialoaoai

failure is large*apend to tU devkk at A bongai therfors, Us loU

*fl7±4l npnetf #.ur a coawi.4 fai-lar s I A1 a cul)2 Kroeatag

at Uh ~s lm oSA-eriu4 cseoity. The load deflection cam of ba

?flL Fig.s, 8t ef% apMndiz shin W~s abrupt drop-off in Qa- load-

srrmyla apnoity otter tAe aidsw leAd i. attuawsod ta a& onrnior44

boss.

As aben in J±g. 23, tbi load-canyng capacity of a bee fhtL4

isitially in enusaiea is b~psMenjt upen tie coonrto utrnm#. Oa the

ether sad, thes atni lo~e4-arflg oapeei 9 4~ of a beaa fai3iz ix tonsinA

tP little affeetod by the cte.estrength.

(e) hlA~nE"A ?cl'z'e A balwaed fdlxc. is orte in wtdch tbe

Utetioa nelu.&rcazrmnt yields at th, wz-e lastent that the concrete orumbe..

The load.4efleotion ehatratrietiec of beer vt4-t fail It this tanner or*

very sitlar tU those of bea with couarilsien fsilure. It Ise beli-vwd

tkat the iaiizres of bentm T4E arid M~ art rerr-saeftatlve of this tI-6

£e.l re.



(d) lrPemtire Shear~ Fai1-e AB eAu~ Aevcutly, nio ehepr

rt!Lfz'ce~tit waes P~iu'e~d in- b Ibo 7 2YA9 TZC) and 7Z~ becatise Th-'e

ebear reriure~ ?1 e of A~al. 318-52. for' bea vitbho-t Cbeer rolYi orceant

wer-e zatiefled~. Bea= '72Yz nd T2Mb were reimforced in tensiaz with

stri~yht deformed barsi, beam TZ~a ith hwke i dtforzzed b-iLe, and btmT~

witbhooeo vd plain, b r

beez NMI~a TZ2b and TZ~o failled in &hear whereas T11% failed

in floruwe with &s edor~dery ailxre ir bord it the uiddl~e third of the

boom spar~. Kooiz4 the bare it TM~ dId not rroent the sbear fail=-**

Table 61 glves date uM comparisou for tba beoas fuii)4 is skear *34 ?1g.

2.4 shm &w~ vimv of' tbae haeo "rt faLU=r.'6

Ja +Aat +A* object of tU±e SAo. of +he tatiatioi was to.

dat~orx±u the 1M4d-tfuA*t4@ obacbtri1sties of bovaa fal~i L flxuas

so fvri~w *If*3s Vert go" of QW ho ~iu of #bear fail=*;#

(a)Oaato t'utt~Theoffeb of U&a amrsts stmmeAgt a

the uM aa 1.14 40127iM eapsait7rI i sg1±gb-le for boams faUMa izitiavl

In tossit. Ttis to i1lxutraWe by a copoium of theabra wmate x=

oaet.by beau T1lbarAT2)a bemT ihf1a 50edP1D6

reistc 20#17 ft.-kPo, a" boax TM AUt ft 1 4,600 an p x 0.62 ruaied

19.41 ft.-klpo. Y9.wevorg 'ths ouats strtzith has a zmuoh ree!ta effeet

~tbo miaxa 1oa-oa2'z"Inug capacity ef beu wh faLil. ititlaJ.v in

~'ouion.Ths load-_daflacot cvea of bas 1:59 P.d 111L in Fig. 23

The eonovret* strao.gth, bid l.5ttle if sri ccrelstxit offaiet upr

t~ae defleotion at t.he mri lu4-carryjxvS nspn*1ity ' ee-iuee the u.a.tiz-st-0



conote s~ain In nolhtinly7 iLidepmdont of tq r euorete etztei~tbh Tb4:$

i3 qhown In Fig. 1$ it which tht nJSsaA ocret'5e trein !t3 1j1ote*d iiga-lst

tZ e torrzrito stnnzg-t Llthom.gi tiker. Is sm eosl~tt there is nto treuzd

4U-L co:-itrt e trx!.th and a valve of O.CO is a reasonably so4 %verage

for the tfltinta oci-roae wtrair.

As shor ix fig. 19, th. fector " which is related to sbia* of

the atrums balock is dspemdsnit upn the corozte atrozzgth. Th snot r*-

letiosUdp is mnm but tbe .ap~rietl on-n givr in Fig. 19 yields valuea

of fl~e3 viaba iz fair apmomat with the waling to'~d it this and in

another inretigation in this laboratory. by usig the nolus of kk

detonriz* by this eotation, altimte Mfleotiomu can be csmtt~d which

&"n witA tba teat reuits* Bwsr, te our, is tot bccurately teftuet

in th, neg~u of low oaentb stmugha. The cp.rca. core Is vset 1ia-

tefid to be %mod for conrete atnva below 2000 WO1 saM futth.r it-

vsigatiom is mndMd toustablish the relation beton kik3 a eM cono

s trent zj tiLe regXin.m

(4) Pareentare Of a Iths' t45ot the

aspitmb of Wh taetile rohiatam9 of the bvxs vise vario-d ckef2,' by

nxploy~ag diffoeat poeoitagus of nioarot;t hoverr atocr wrn-

et~lou were wrodtoed by the difherxcea is tbe yield strsogts of the rein-

foroiaM bems. 85.sce the zmxm lced-carryiqM captoity- of ha. vtleh fail

flitially in tntrIn i*L deipeudAst~ on the t#"ile naolatne of the ate-el,

It va-ried p4.arly with the Forcsxtap of toraho reiafoc'euest. nit cam

to son in Fig. 25, in "b-lo Wk plots of lo-ad vs. deflection of bowsi with

approdnxteli equal coflCot4 Bt?3jt&i and varytag percontsgeu of tzaicr.

zcinfforeemnt are presonted.



On the ot"her t54 Teterdsioe resiLttiace of the steel is; not a

critics), factor in the detei.'zination of the iixirnz la-csrrying capacity

of b,*ama which fail initially3 in co%prflbiCz~.

(c)~4no~~ Irex.For beehnjs reinfcrced in tenseion only the

reintr-cing indsx is q ?ieAfor beames reinforced in i sneion and ccofr.

A oa t eq I -. ft 1nn with tension rismrri--rcgsnt- oaly,

the perastor q wasn fo!'zd to be the ccntroLling faotr in doeuittmnj the

shape of the load-detlwviton curve after thes yield loud was attuir,, Spec-

imets with low values of q ezhibit44 a ductile fMltre thxt ii, they were

able to utiergo large iefunzatioms at relat±i'tl catnt high l#se be,.

fare the suzs lod vas atteind sad tba drop-otf in the 1044-c arryian

capacity nue wry pidni boyQ the afxa. *A the ethor hat, tken

with high ralis of I eflibdt.4 a brtt3. falure, that is, tkwy weeable

to w~ngo Uttla Leflaotioa before tbe aas loaid nas attalsA Wt the

drop-ft iU inoaeaor7iag capacity was abrupt WyoW the uma. fte

*jeotmta with intorfediat4 valvesn of q had le-ad deformtion ccatr-

Istiea boWen% iM two ertrmi2 dcioribsi abut.o ?he load-ofation.

obkaraotriutiou of becss witb vraus v.1vus of aa*e shown I& Vigo 20 Ls

which the lest-,ratio Is plotted agwaut Mdujao defleotica for bon with

dlffersitalus of q. It otm be nen frca tkdu figw=e thatjIzot only

ham a definte effset on the defleoctlo at the raztira 1c4-oanriaig care

scity, but ala-a on the overall ship* of the lot! Qot.-ottom cm'flj

In tha No~xs proided with ccnpnmcer- rcinlforoennt, the effect

of q' on the shape of the 2.us&Aefloetiox zni Iprtafly uasAo by the

.ddie4 dRctility prcruoad by the *ft-eneue of thQ ecapreimion roinfare-

at tl-i!. tirrrnnr, the .A.ad-ratio vi. detlsotlon plots of bu G,2n.
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C3=m ana6 C6x" in flg. 26 a _ tat, for b--pzs h ~~theCntB1f

sti#;j1 ti 1r. ta e=- ms%-5r. the ehare of the loti-,1deflection Ct-tvoIJ--,-

yond yielding lae dependent to some dse 4,tt oe~trq ovr

e %ora 16~b~v st'~~uBedtd bttore tble uen be definitely etatea.
(d) 9pwa;gon Reitforcment, As a genera] ri-le, the eddtti,.n

t a ncuinal noimt of coo.roouion rein~fo:A-eent makes it akmoat tmrvssible

to deaign a notnzguder be=m that will fail Initially In comrresaiot be-

cause of * * oeesuive mzount of t~flsion noinforcsent, ths~t wauld be re-

quired. However, to tests have bees asda in tbie ,vetigation to validate

gjge atateent.

T'e aUitiea of oe4on noinforceuent did not appreciably

inoreans tW axu .lod-a~rryi4 cajesoivy of a bea wbioh would hae

htted iaitialy 1.2 tnaion vithont the ocuprauion steel, pro'i ~i

toansies nicfnxoeat was wot stzaind ito the work hsrdeunug retios in

esither 'en. This Is sbowu b7 comyerianm *1 the etxua loed-oanyixg

apuites *I bs.s TiM, ONw sa Om wtich wan 40.7 k.p.-ft., 41.7 kip-t.,

AA hip-ft., respectively. The teauios niforimt of 02v ad 02= wn

strained LUto wuk hardnxtg but not toe a rked doese. lawer, it a

beamt m*U Xmv fSAIed initially in ocaprseli= without ooapnusiou rein-

feromsent, the addititen of enon~h omrevsi*qr reslnforoeseat to pevet

jgitlg opareuioz fal~.zr would toneo 2. beom to fall. inititlly in

tn~son trA tbaneby rainse the mxdrm Thd-carrying capacity.

Is aern in )Igo. 27, U4e addition of .ffteotively tied ccupnaumio

ratuforcesut eaableC, bemx 02: to carry a load near the natnrz w±% .Larr

detleotlrnu tkan t!.. ocapable bea TUNa reinforced in tension only. 71w

Wdition of compweession reLrfoz'omnt azrngthens the emypreeuion zone a-nd

thus raiueu th.. nutn! afld. This * nablo a 1irger an~leo hings tcr taX.



pl!cb tafor- tb2 concrete orml-h , ez thereby liloraazs the dt'fleotcon

through which tho bisz can ct-rry neer = Lri=v loads.

(a tc-1 of -rgn.u Coneepion Be nfo'c~oet In order for

the compression reidlorceeant to add the rotest a mu~t of ductilit.y to

a beam .tt muet be effectively tied; that is, the ties must be etrong enough

to force the bore of' the cozrr-enton r inforceent to buckcle .LocaJ.ly in-

steed c!.' onr a long length. Pigi .4 shows thotogrtqte of t1footins and

irff*OtiY* ties iter bea !a11voe The titn of bea~a C2 bz shown in Fig.

29. wre effective and forct4 the coarretaio atnI to buckle looeul~y,

wheres Vt&- ties of 03n ahov in Fig. 28b wre not effective.

lotuall?, the ties do not con into play unti after the oonce*

hase crabedg coou-qvttly, tbe ties affect thbe &hape of the load-det'leotion

oary o.1.y &ttz tLe %=n=s load-cszryi;,, capacity hew beet ze*d This

caz be men In Fig. 2-1 it which the load-ratio vs. the 3±damn deflectioa

is plotted for asperable beaus.

Th two methods of tfl. the oapression r;±ufrooent ane

illutrated ina ig. 4. Zn tWi serios of t-estp ethod . of fabiiatiq;

the ties wons npnrir to method S 8js ties faizticsted by u,-Jhod I Wit

*IehenE. in the tension sue, the cud. of the tit bare could not pill apart

Wo, n the coawsuion tail=#r of the conierete ocarndo Those ties tab-

rtatd by nwtbod & wore a.tohored in the cmpnssion anet &Md cou.ld. nadily

Mtf1 *wPAt t-m t the coiPneuiom failure of the concrete uoe-4*d.

(!) .aer Iear Reirfyeroeusn The oonn,,nticnal vertical

stirruips that yent employed In most of the beans of tbis investljatiou were

zo lffeotive vtnt42. the conor ;t cranked Arni1 con-LequentlyT covd do little

t-o 1 teaent oratintg of T'he conorete,. Therufcza, ever ±t, z4 lbr was heavily



relnocccd In sheqr- with cc~mentione1. 2t1'r'WB 9s there n-oth1 11 be C,-adks

it a region ot high sh!)'ir. Rcvever, when the clan .-on t:P* Btirrtf-p3,

ifluatrated in Fig. 5, ;a-F vz~od, tba keaz wao preatressuod ii a vertical

direction, arnd the cracking dnie tcn sber tan lrph~bited or In Cone cases

even elimnate-d, The creek petterrs5 for bans with conventional Stirrupa

and with clamp-on stirrupe are shown iu the piiotograpbe ot fig. 29.

Since tb. conventional stirrups aloed the beam to crack ex-

tencively in the region subjeoted to shear, the effective et-fftua of

the b aa in thia region wee re-duced.s This ernabled the beam to detlect

&or* then if the craoke had not toned, es in the, cai of a bea with

clap-On WtIX'tiua6.



V1.1 CrA-kI7LP C? LZ~fC iz~ sANAIS:ICAI1r, r

Tho r~esuJlts of the theoretical analysis andi the- expwrimento1 in-

vestigation ame coonrcd in Uigxres and tsbles0  Although tic, ii asim

is to develop zo-_-nt rotaticn meatzs4s ost of thf) conipeisons are

of z.eaoured deflections rather thAmn eaa~ned rotations since the deflections

could be daetid *=e &coarate4y.

Ccnprrdsone of the ana2yttcal =~d te3t resuJ.ts he-,ro been LtLdt

for the following Tantitieet tenpzton neinforcmnt stress at the maxi=

niment, yield-point =meats# madra accnt., midipn deflectdon at the

yield-pint, and tdpan deflecti4on at the auxra uc=ent. The reralts ame

given in Tableu 8, 9a, 9b# 1~a, and l~b'

STheonswtial nlu of Q* ctzna iz tbe tension nrforcnznt

at the aats amnt, fra Eqs. (17), (19), or (20) for beau with tnsicn

rusinforent =4l ad tics Eqs. (44), (45), ar (20) for bean with tonsion

aSA ocmjesion neiuforkient, ospere favorably with the eupwrmnt. rt-

edt.s sa hom in Table S, the ratio of tb e exzjpfrwatfl to the theoret-

teal vekes. for besas neizforud In tension, =nl7 has an average of 0.99

with a nnge of 0.90 to 1,06 and for besa with te cloD and oca!sresuion

teinforcnsnt an average of 1,06 wlth a rang of 0.98 to 1.18. Tile utiiup-

tions in,~ovid in the@ cozptatQflJ bf tAe streai. It tbe tnfion retnforte-

aont ikt the ma~d.ma acnent am ps foflov.x Lb* r-a:tgz ont to be

reached witz. the concrete orueuhn, *n ultizate ouno~rite strain el of 0&Z

the eapiricAl values of kI 3to: be TlId, at italied e~rizsa.-train cu-ve

for thbe steel se uhora in Pig,, 1, ead tho ccye5to!, ettel to be yielded

at the Pazr.= zoientt-



Th& t.nnm6tcrti ae c'f thle Ai~eitoct fro:;S (4)

for etam .-Ith it*n-iot reinforcemen~t only &nd ffro. 2; . (2)for beaLs wit'.

te72eion std copsAn~~fren.are i reasonsbi1o loRlyr'r

'th t t~at i~tt ts.- 13 shown in Table 9-&, the ratio of the experiznentU8

to the theoretical values for teeoa reinforced in tension only bae sr

Aasate et 0-77 'ith ?k ra-rg-e of' 0;8V to LeO5 and ror beane, roinf~r.ei in

tension and cozp'easicn in average of 1.01 with a range of 0.97 to 1,9

The aejor s±iption in these calculatict. is the straight line distribution

of theumtnuaein teoncrete. flcmn besonnable 9s, tbls beanawith

high vaiAi*u of' q have bighsr lzieri~tsnaX vdale of 5tbhan the theory ginso

Wosuem tMa stresns dietzibtto in tbe oate~t at the yield poizt, ise to

longer Ip2ozLUatly1 linear iii boas utiobh approach a bolmced failure,

ft theoretical value of tAe ntm-Iz=momnt capaity# frs Eq.

(go) for beau renod in tenion maly aSd fres Eq. CI8a) for beom

rsaifrosd ix bath toulci ead oa"euaion, ane Is pod apeesat with tbhe

ewpriazal nluae Is thoan in Table 9b, the ratio of tMa m rinntfl

to the theoretical valueu £'or beaun reinfrce-d i3L terajion f;&ly "a an

average of 0.99 with a ramp of 0.85 ta l.08 ad for boe reizafo in

(4&jio-z "~ coureueion an average of l.C4 with a ran.6 of M6 to itce.

All of tbe as=uunpioa zaG. in the oalcIation of the twoa reizfo cce-

Rant atrogu piVn kjk~k3 0.5 o. uls in then aasloulationu.

The - Zeontios a1 uee of the Sideca 4efUatilon at thei yield

PoInt, fr*an No. V7) for boas with t~nonm n-inforceant only AndS frcu Eq.

(36) ?o" Wran with tenuioa ard coozpnnion ninfot~et, are coneistatly

lowr Vuu se teat restlti. The 'aim, of th# *zjorisnent-al y4id-poLnt,

def'lsot, is tikoni as the vdu- e at wbrih the defloatoz2 starts to 5.L(WArS.f
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rap.ly -Ah ittle or no i~~Qin si.d iii Wibe I '~13~ zstiu

of the experiztntsl to the thefrc82.,as t cssrei.nforc9d in

t~an~ion only hss .n average of 1.22 qh ran, e b-'f !;:V to 1.56 srnd for

L-s~reinforced in t-enAon cnd c:-zroeeion an averuge of 1.29 with a rbnge

of 1.15 to 1.53. The conbi5tently lorw theoretical values robably can e

at-tririted to +jg-, VaI14e of E 8leA thZ . C=PtiOr1 Of linear atr-eSE cZ~t-

ribution Lsi tho concrete usaed in the computations, It oleo mist be- realized

that the yield point deflection ii ffficut to ascertain by oxricrimnt

eince tbe dsflaoion, incruames rapidly withAnt frcrther inoreaas in load

once the yield Mont is reacesd. Therefore, the samed valuewvou24 always

be larger thar the actual Talus tnlema a cottinovua record wore side with

an avtoatio device.

Th tbsoretical values of the tduta deflsotioz ornmapow5±mg to

thbe mzaummt capacity, from Eqs. (25) or (26) for bens uwlth tension

refrforamut anly az4 from &q. (36) for bons wit-h t~euion ad ecinresslon

rcinf~reant, ms in fair Rtgrnfnt with the teit rerzlts. Am shown in

Table l0b, tboo ratio of the exjerimantel to theoretical values for beans

rein-force-d in tensiom only has an aerage of 0.93 with a ringe of 0.76 to

1.2.8 and for bea reinforced in tmasion axid coajreemion an average of

1.15 with a rarge of 0.78 to 1.77. The low theorettr"pl valueO oh t do-

fleotton of beam TILe can probably be attribted to the uncertaintiee of

the conorito obarecteristics in a be=m with a very ozall percentaege of rein-

forcement; that .to, it Is dlfttioult to determine th-- praperties of thyo con-

crete when only a very amafl area iv involve-d tn. nsiotng th-,e tension.

force. The lo's ralun of' the ratio of exporiwnte1 to 'heoretica1 ie!.hes of

the toieoticn Thr- b=2j iq roat likely i ti e pretature bond failue

rear the zaximtiz load since this be=t was reLiforced with plalii b-are5 The



nigh veldE Of the ratio of t rifnt-t tO theu tiCsl QPUOCtluh ot me

be=,; reinforcei ii +>nsion und co~ aarsiion &e psobaby due to the effect-

ivonoss of tho cozession reinforcenent t-,o v mreea The low vilue of the

ratio for oeam 07w can probabl' be attributed o ineffectiveness of the

conpr sScion reinforcezent because the large bars used as comn~ression rein-

forcement eere not tied in cryj rznnor,

The theoretical and experimental values of the yield-point and

maxium ioads a"4 the corresponding deflectiona hvo also been compared by

plotting the theoretical values on the exzerizental load-deflection cirve,

for each betaa. The theoretical an *zperimtal values are in good agree-

eant as can be seen it the plots presented ii Figs. 1 through 33 of the

a Mendi. o

The theoretical and exprinntal values of the max= moment

eapsoity of the bosame pr.vtded with tension realmforcezent only are compered

in Figs. 30 end . Zn Fig. 30 tbe values of L,(obe)/14 2 f vs. q have

been plotte-d, and in ?Ig. 31 the valuaes of Lx/t'f~ vs. pfg/' br-4e been

plotted. In the computation of 3 the values of the yield point stress of

the t'sion steel have been used, shereas in the computation nf pfefI the

values of the tension ate2l btress computed from Zqs. (17), (19) or (20)

have teen u;sed. It can be seen from Fig. 30 that a ftirly acrurate result

can be obtained by using thi yield point stress in the computatiun of the

xani=zn-ozent capecity of beams failing in tonsion even if the stress in

the tension rinfocezent is in the work h xdening region. However, e runh

=ore accurate reult ca-n be cbtsnoid in the computation of the maxhim

mcment cepscity of becs ftilIrg in tension if the CoA.tted tension steel

stre6ss is used, The Jatter rethod is also applicable to beas f'eihrZ in

conprerasion wLereis the for:er is not.



I C,9

with straight Ain~ tie 'xints coiresporW:rLg to zero r~d a~cA deflectioup

tn the tedlord Prd deflectien; end ti) tho, r-n vent- Pnd def~aqetinn

Comprlaone of the xe !airzed end thacretiocal ict'd-deflection ctuiwe,, &r e

preceuted in Figm. 7± tbxougb 33 of the appendix.

Table 10 g-ins a cctparison of the n rheus of th - measu~red a&.

comrated 'viable energy", The 'usable eaerv" is the area under the loaid-

aidaspen deflection c'.rve up to the deflection given it Toble 10b where tie

load starts drcppix rapictLy Tb.. 4nett+ betvnzr the neaw'd and

theoretical volnu is as good as could be *rwpoted dtce* the inacoiraoie

of the couma'Aions of the tritical Sits and dsfleotiona mx inherent

in theo cmputd valus of the 'tjable erg'" lso t~s theoretical load-

deflection cirve is ceacsmd of straight lims wterwaur the aetu1 oure in

irregular. A shawm in Table 11 the nagej ratio of th. erenntal to

theoretical nalnem is 0.88 with A range of 0.63 to 147 for bJmuu rein-

forced in tousicn otly and an average of 1.15 with s range of 040 to 1.A4

for beam reinforced In tenas.on and esruuusion.



SUMAR 0V XNUL1S

7CR BRAC BlrT0"J tD IN :fMI ON 0LY

Beam f enforceent d f P Stirrups (ob,-) Modeof

psi Sit* in. psi kijp-ft.

Tl-a 2150 2-3 10.79 5'WW 0.34 Clap-on 13.81 Tension

TILb 2520 24 10.72 46000 0.62 *@6w 20.17 Tension

T21a 2120 2-5 10.65 4 00 0.97 t@A' 21.*4 Tenuica
T2Th 2440 2-3 10.65 55400 0.97 C lo.t--on 29,84 TenOcM

U 280 2-7 10.51 441C ii90 Claap-n 3930 Tenoin
71 2810 2-8 1044 43300 2.52 3/8 @ ' 47.1o .nzi

TSL 2500 2-9 10.37 40200 .22 31/8 @AU 53,87 Terujoa
TIIL 2900 4-9 9.23 45300 7.22 3/8 2 2" 67.56 sp.
TIM. " 2-4 10.72 46200 0.62 Clamp-n 19.51 Tsnsio

TMb 4750 2-6** 10,58 42900 I.38 Noe 32,83 Tension
T2M 4320 2-6 10.58 47700 148 Nne Wn.69 Sbar
T2Jb 400 2.-6 10,58 48300 1.38 t 29.31 fe br
T 4460 2-7 10.51 46800 1.90 Ion* 37,52 Str

3MA 4800 2-9 10.37 4000 322 Claap-on 61at6 Tension
3Mb 411O 2-9 10,j7 41700 3.22 Clmp-on 62,89 Tenmio

TI.Es 5880 2-6 10.58 4200 1.38 3/8 (;3? 35.10 Tenbion
TIEb 5180 2.6 10.58 52200 13 Clcp-on 40.66 Tension

Ta 5400 2- 1044 45600 Z.54 3/8 @ 3? 53,A8 Tension

T3li 5920 4-7 9.52 43200 4.20 3/8 @ 2w 67.72 Tension

T4B 5260 4-8 938 42000 5,61 Clamp-on 77 . 7 Tension

T5H 5900 4-9 923 40600 7.22 3/8 @ 2 86130 Tension

SDefored tare booked

' *Plain bars hocked
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TADIE NO. 3

STRSKE ANAIXS2 OFLATYW$ATFS

LO t Nr-cent PaWutne Sieve Noo ?raes
4 6 16 30 50 100 Modulvs

1. 9403 82.6 64.9 32.1 7.1 14 3.*17
d 9342 82,8 6.64 37.0 U11.6 1.2 3.0C

"*%0 80.6 64.*5 349 10#4 2.1 '3.10

10 t ?ercent Pausing Siem N0.
14 3/4 318 4 8 26

1 100 76.7 37#4 12.5 9.1 7,6
2 100~ 5M. 14.1 4.9 4.4 441

3 100 76.9 36.1 6.7 2.5 1.6
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T~A~BXN 0 5

N-t Sx Co02 c re t2 'a ~ razotO AkEaEte' AgrgaeA V1dzp 4a
SLs ncth watag C ent Send

pSi in. t58a
1 2 .1 2 1- 2

TILa 1860 2150 098 I.00 10,80 2,1g. 6 Z 67
TlLb 3550 25V) 0,88 090 10.70 2,10 51 6 57
T2La 2690 Z310 1.13 1.07 10,0 2.15 2 Z 59
T2Lb 4740 240 1.03 0'.97 .,30 Z35 9 7 44
T4Ia 2910 280 0.99 0,99 11.00 2z26 3 2 63
T41,b 340 2810 1.C 1,02 10,80 228 I* 1 61

3L 3720 250o 0.86 0.86 10.80 2.25 2 2* 6D
T=i 3500 290 1.26 .24 7.- 2.57 1 1 57
TIb 380 4600 1,46 .2 8.47 2.71 I 3 28
T1)b 4850 4720 1.57 1-57 6.71 2,51 3 2 29

M A 4280 4360 1.28 1.37 7.44 2.55 4 1L 36
M 3860 405 1.45 1.5 T.40 2.50 6 5 34

TM 4560 4380 1.79 1.79 6.75 2.55 1 1 36
T3)k 4550 4110 1.47 1.44 8.47 2.6.8 2 70
MW 4,850 4940 1-45 142 7.*94 2'.3 1 1 43

TJ.Ba 5W8 5880 1.89 1.89 5.*91 z&S 3 5
TIb 4540 5180 1.65 1.61 S.00 2.53 1 i43
?23 5590 400 1.95 1.95 6.*1 2.52 3 2 40
?3E 5790 5920 2.15 2.00 6.05 2.51 2j 2 $6
T4UE 5100 5260 1,62 1.60 8.00 2.52 3 lj 42
TMH 5940 5900 1.81 1.89 6,o2 z.fl 2 2t 35
C2W 4100 3940 1.32 1.32 8,60 2.64 21 3 52
C2n 30",0 4070 1.40 1.46 8.58 2.66 2 2 48
03W 4650 4310 .37 1.40 8.60 2.4 2* 3 54
03 360 -890 1.37 1.77 850 2.66 1 2 48
C30na )530 3330 1.26 1.26 e.74 2.52 3 Ij 29
c3ynb 4490 4860 1.52 1,52 85.65 2.64 1 1 47
(4xna 2510 2450 0.94 0.94 10,60 222 6 6 34
C4znb 20D 2430 0.92 0.96 i0.60 2,23 6* 6 44
C4in 3340 3570 1.47 1.37 8.60 2.63 t A 43
OCm 4250 1480 1.42 1.42 8.60 2.65 2 3 40

s 34:0 %8O 1.32 1.34 8.62 2,65 6 3 34
c7w 3570 3480 1.29 1.29 8.54 2.66 2 3 50

* All ratioo based on we iglt



TtDIE NO. 6

Average eomor~te strength;

6 z 12 in. cylindera-pu± 4320 4C2U 4A170

Reinforcing steels

Percent - p 1I3 1.38 1.90

Yield Point; ftI-psi 47700 48300 46-80DO

Depth to ate.).; j-in. 10.58 10.58 10412

Reinforoi.g Zdez; q c0.152 0.166 0.199

3$ Anohorap None Hooks 1=rn

Ta "1

titizate load apacity; Put -4tha)-1b. 17400 WA50 23900

No~.na1 shear stream at %tiobs) y..paj* 193 204 223

Is fraution of ft 0 .0 3 6 0.0-41 0.046~
0

v = V hCNas V total uhear

J 13



CR~~tAL AND , 2AL VJW -S (IF TCTCPIGhDBFUtEMS4

wxtfl T;SON R2ho2T!Cf.

Bamq to_0 -d eo of
ls1allre

TIA 0.09 1.09 0.26 Tension

TILb 0.11 0 01S8G 0.22 Teneic2

T2JtA 0.18 3,615 0.30 Tenzioa

fl1b 0.42 0'" 0.27 Tension

TAU. 0045 0S77 0.30 Tensica

V4b 0.39 0.79 0.19 Tain

MS 0,52 0.92 0.25 Tension
Tilt* 1.13 0.67 0.24 Cap.

flSd 0.0* 0.59 0.15 Tnusio
im 042 0.61 0.12 ea

0.15 0 .43.m 0.16 Sbiar

tMr~ 0.17 0.62 0,17 Shear

0.20 M 0159 0.26 Mhau

T 027 00.8 0.3 Nzi=

T3tw 0.3) 0.62 0.16ezA

flEa 0.10 0.55 0.34 Tn.io c

TMfl 0.14 0.55 0.14 wdl
ra01,u M6 0,17 n

MO 0.30 0149 0.20 ~ni

04%*,4 0e51 0.19 TmneiOn

3.5%-0 -0.50 0.17 Tension

* Tm i!er2of t418,ion uf*iorceamt

SPIsf kenIy for rsinf oct,



a'2qlq Modseof
or Failxre

O2v 0.09 0.63 0,18 Tuc

C2m 0.08 0.58 0.18 ?ens~on

03v 0.10 0.62 Q.14 Tansiot

03M 0.14 0*63 o.3.6 Tnwtio

C3yL 0.09 0.71 0.17 uc

Oyb 0.09 0,61 0.U4 Tonuio

OA 0.19 0.93 0.24 Tnmd±at
CA~b 0.11 0.77 0*23 v n
4n 0s.2 0.68 0*15 Tenutn

C5yn* 0#28 0.55 0,28 Ttniwn
C&=' C03 0.53 0.213.we
O* 0.32 0*48 0.17 oit

*Tv. layer. of tnan noiufoeaxt



TAZ NV.

KUX LYFA M1OPT

4*aI with Tezeion iBrzs with Terton and

Be fr 0" a~mt Or1y Cezressioa Ral-P,oej'"Ot

Bo a a(I?& - ki -e. 21a kitl

UrP Theao 3 fp ThoE
-~h Thea0 M

211* 721.8 77.7 0.93 02W 5108 53.2 0.98
?1M 58.0 54.9 .1 C02 02= 68.2 60.7 1412
M2A 4A*4 48.9 0.9" 0 ",I 45.1 "4.7 1.01

T22 58.7 %86 1.00 C0 0.5 43.4 1.00
UlU U.2 4".1 1.00 C3yzaa 5803 51.g6 1.13

41b 43.0 43.3 0,,99 C-ynb 54,4 45A8 1.18
MS 40.5 40.2 1.02 04=a 50A8 48.2 1.05

T=l 33.2 33.2 1.00 Chnb 5743 53.8 146
TINS %4,0 62.3 0.910 C4nZ 50.5 4341 1 17
TM~ 42.7 42.9 LOO 051= 4M. 44)*0 1.00

T3Xk 41.0 41.0) 1.00 06nm 40.8 41.8 0.98

4OA2.0 41.7 1.01 C7v "c,2 4.6 0.99
213* 47.7 47.8 2.00 Average Ratio IL.*6
Tinb 55.7 51.9 1.C6 Raeuv 0.e98 e 1.18

T23 45.6 45.6 1.C'0
M3 43o6 14 3,2 z 1i.

Th43 ",5 4-2.0 0,99
T ,g 4M. 40,6 1;00 D

Annre. Ratlo 0&99

Lan-o 09, go-wo



.AKzC -sa

CC%2_ARION (2? My 9S1.1 Y.T_ 7OZTICAL VALiTS

Cip Y Wfrj9lY

Bean with Tension Baum with enaion and
Reinfer at Ct17 epision Raefreomant

Beam ) - kp-ft NsAX, 11 wk p.ft

Erp Thbeo ft Tzpra

?llA 10#2 9.9 1603 02V 324 30.9 1.005

TIb 1564 14.8 00 02 ZS.0 2613 1.05
T2LA 20.6 19. 1.03 OW 624 61.3 1*0

TOM 26.1 26.8 o t r7 032M 6A6.3 61.5 19cM

T4!a 77.5 M92 0.96 Cflu 41.0 4O.19 Is=
?4IM 47.@t 4747 00" C3nb 6294 62.1 1.00

M 04 56,8 k1*5 04ATU 40 41.j S.?'
TIll' In w athnbl 42.8 42.3 1.01

1.5.U5 15.1 2.0 0.n 59.03 60.7 0.s4
IM 3QA29f.2 tO0) 0l ya 87*C M97 0M

60.4 59.2 1.02 06m U09, s49 1.010
T3Xb Z8.1 59.9 0S97 07W 84.0 Us.) 1.CO
fib 29.8 30.3 0.90 knerdge Ratio 1.01
TMX Us.2 35.7 0.%6 Ran". O97 .1,MO
T21 51s3 434 0.96

M65.1 68.1 o,96
743n 83.7
"1E 81.7 99.5 0.42

-Average Ratio 0.97
Rane 0XSZ - 1.05

C C e :tot= fdlee
Bxer1imal t l's not recordse



TABIL, 9b

cTARMN Cu 17ai E tCZGL4

Bearn uith TNnoion Beam with Tension andl
Reintorce-"nt Onl-y Canpre saion Rinforce"-ent

Be ?,= Mp- ft Bea= n~ ~ - dirft

Ex-p The o E=LT 7he0 2S
Theo flO Theo

fteI 13. 14.4 091 C04 40.9 33.1 1.07

fiLb 19.4 1848 1.03M 02= 444.l 43.1 1.,Q02
T2a 23.5 23.*8 0.99 03N 69.3 68,6 1.01U

T2Lb 29.1 28.4 1.02 C.In 6945 66.4 1.05

T41A 37.8 38S.*2 0.99 C37Ma 4.9.8 46.*3 1.CE

T4Lb 47.0 47.9 0.98 C,-ynb 73.*4 69*4 1.06

T L 53.1 51.08 1.03 04xna 43.2 45. 0 0.%6

T3i!L 66.8 62.,.7 1.08 C4nb 48.2 50.1 0.96

TIYA 18.7 2-t. 0.88 C4NR 71e3 66.1 1.08

TM2 32.0 31.0 1*.$ 05yn 90,1 91.0 0.99

T3Md 62.2. 61,5 1.01 0,6t 85.8 86.1 1.00

T3)b 61.1 60.7 1.01 07w 84.5 PeC 0.98

TIHA 34.3 Y-.8 0.99 Average Ratio 1L03
TJM 319.9 37.2 1.07 nmuge 0c,% - ic

T2. 53.1 55o9 0.93

M 67'.C 69,7 0.96

T42 77,2 80.4 Cc%,'

Tl-El 8545 l00e3 04385
Average Ratio 0.19
,4nge 0.85 - 10



0? !'CESPAX MITI0:; C. A IEI 07W

~&z t1.T T~m~ouBeam-s with Tensid

Reinforcer--(nt Ctily QCo:zr'96on Reminforcoent

B m a 7 A -in."l n
E Ther C .. Ehrra'eno

The ohe

TILO 0.30 0.27 1.U 02w C)036 0.27 1.31
T1Lu 0.30 0.25 1.20 02= 0.45 0.32 b,39
T21L 0.27 0.25 1.06 c03w 0.46 0.30 1.53
TML 0.36 0.34 1.C6 03n= 0.40 0.31 1.31
TAX. 04 8 0.32 1.9 O3yna 04 8 0.30 1.27
Mb~ 0#46 0.34 1.35 Oynb 0,42 0.30 1,39

TSL 049 0.35 1o40 04xra 0.37 0.321 1.3.9
T1I$* "=a0 b 0,38 0.31 1ZV4

TiJ~e (1.25 0.24 1.04* 0G4s 0.40 0,30 1.31
T1~b U,34 0.46 1.31 05mU 0.50 0.41. fl.22
T3MA 040 0.32 1.3 6 0,6= 0.50 0.40 X.25
T3b 003.8 0.34 1.12 07V 0±4,6 0.40 .115
Tlfla 0.37 0.27 1.37 Average RAtta 1,.25
TJM G.37 0.32 1.15 Rn.115 1. Z53
T211 0.37 0.33 1.22
T311 0.48 0.39 1.2

741* - 0.44 m

TPfl 0.55 0.47 1.17

Average Ratio 1.=2
7.Leman 1,CV . 1.56

SComPressloll F~iltzre

9* ~iLrtion at yield-p2mnt not obtained



Tnt:Z 10b

COYYAP.ZSN 0? X pIQMTEflVAU&

Bdss with tension hau with Tension ai4
ROiri &teent Only rwestnRilf Orcmnrt

Ben m -iza.k - 4 n

Uzp Thec rxp Theo 10

maU 4.,95 3o87 1.28 0w 3.23 3r453 0.92
TIU 3.97 4.01 0.99 OZxu 442 3.10 1436
T21e 1.6M ~.33 0." ONv 346 3.22 1 o 77
rT Is" 1.77 1,03 03= 4410 2.81 1,46
T4IA 1.10 1.26 0.6? ON%&a 4062 .49 1.32
Uui 1.01 1*33 0.76 9870) 6.09 3.76 1.62
m~ 1.03 1.13 0.93 4=4s 2.96 2b A TI e 0

?11IP 0.58 CJnb 4.*29 3.58 1.20
r-YA 40 3,04 :.00 CAnM 5.43 3.1C. 1.7

TIM 1.92 3*06 463 Ct 1.00 1.99 0.50
MeX 0.97 1419 0.82 0ax 1.21 1.72- 0.71

TMb 0.93 i,0e 0.06 07w 1.75 2325 0.78
ThRA 2.6" 3.19 0.83 An~rag. Ratio 1.15
Tffb 1.A? 1.85 1.oci UAVu 0.78 -1.77
123 .L4s 1.74, 0.83
T3E 1.34 i l 1.04

Average Ratio 0.93

J& J.63 - o,

* Mi.rste defhectio not', olsarvsd



TA21L SO. il

Bea j~ Dns with Tension Beewt c eio nd
Feinforetent Ctly orr're sion Rsinfcrcecent

Beam 'Usate I~ergyN Sip-in- lkn "Usable bpry* kdp-4n

Zxp The o MEL 07 h 0 El

TIA 38.5 30.2 1.27 02w 73r.8 774 o.9-s
?iLb 45.7 43-4 1.00 021 111.#3 774 t44.

T2ta 43.7 46.3 0.95 03w 29 132.6 1,06
T2Lb 30,5 29.4 1.0W 03nm .78.4 113,; 1.57
2!41A 2.2*6 24.4 0.80 Cflna 2.35.6 96.9 1o40
T41b 24.0 r#8 0.64 C,3yb 263.3 158.0 1.66

M28.0 NO, 04 CA% 76,8 77.6 0.99

T=9L af 11.9 0 C4=b 1.22a ,.1 '1V%'0 1,17

Tim8.2 35.0 1.09 CAn 235.0 127.0 1.84

TIM 37.0 58.$ 0.63 C5yn 43.5 107.0 0e40

T3A 28.6 414 0469 0-6= 53o2 86.0 0.62
TMl 2945 36.5 0181 C~v $l.8 116.0 0471
Tiza 53.0 66.0 0.81 .Lnrep Ratlo 1.15
=lb 4312 41,0 1.05 3.tip 0,40 a .1-8

T23 44.#5 57.2 0.7
73E 49.1 50. 0.98

T4HE 20.0 2 9.9 0.67
m -. 8

Annrge Ratio 0.8$

Rtnge 0.63 - 1.27

* t),tiectior not obt-nined et M L
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FIG. 4, METHODS OF TYING,
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Reinf orcing Bars Used in Beams,

Typical Steel Reinforcing Cage

L FIG. 6 REINFORCING STEEL
- mAnf mes-- me--
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FIG.7 T11YPICAL STRESS-STRAIN

CURl"VES FOR REINFORCING B AR'S
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*FIG.8 TYPICAL STRFSS - 3TRAIN
CURVES FOR REINFORCING BARS
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South Side

FIG. 15 VIEWS OF BEAM TESTING
I" PAR ATUS
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(-4C2 w None

0- C2xm sin m

0yn 2 -n n -l I

2 4 6 10
Deflection At Mtdspan In incres
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0-0 C-2ynb 6 I.

0 2 4 6 80
Def lection A? NMidspari In inches

FIG.21 EFFECT OF METHODS OF TYING
COMPRESSION RE!NFORCEMENT ON

LOAD -CARRYING CAARITYIT
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North Side of B ea r

South Side of BeamI

C FIG. 24.TEWS OF BEAM TZMbI
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Beam C2xm With Effective Ties

Beom Cbxm With Ineffective Ties

4.FIG. 28 VIEWSD' OF EFFECT!V". AND

~NEFFECTIVE TIES AFTER BEAM FAILURE



Beam f3Ma With Clamp-on Stirrups

deamn 75L With Conventional Stirrups

t FIG. 29EFFECT OF TYPE OF STIRRUPS

ON CRACK: ID'I"TIRIUUTION
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Tae 4 prdix containo tbe follotwng plots for each

bean tet-sd:

(a) Load ye. 1±depWr deflection

(b) Load yr. load-point deflection

App. fig. 34 - 66
(a) beflectioms along bess at varicoua loa

inoment

App. Pig, 67 -9

(a) I4ed v., tension utnl1 strat at aidapan

(b) Load vs. concnt. strain on top of bees at

aid IpSa

App. fig,, 100 . 132

(a) Ratio of appli. load to mzxLa load
attuinud it teat vs. tddepan deflsction

(b) Ratio of applied load to suira= load

attatmd in teost ves loapoitt dflsotIon

App., !ig. 133 -. 165

(a) Ratio of applie4d mont to azira inan
attsued in tnt vs. angle. change at Cidspe

nf ben -

(b) Ratio ot applied moment to mxto

attained in tnat vs. defleetion at nidapen
with nnmpot to the load yzintas
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P 1104%
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0 1 a ' 4 5 6 7 8 9, 10
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ADDITIONS AND CORRECTIONS

TO THE REPORT

AN INVESTIGATION OF THE LOAD-DEFORMATION

CHARACTERISTICS OF REINFORCED NCRMT

BEAMS UP TO THE POINT OF FAIU

Tie following additions and corrections are to be made to the

report An Investigation of the Load-Deformation Characteristics of Re-

inforced Concrete Beams Up to the Point of Failure, by J. R. Gaston, C. P.

Siess, and N. M. Neumark, which was issued to the Office of Naval Research

under Contract N6ori-071(34), Task Order 34, Project NR-064-372 in December

1952:

BEAM DESIGNATION

The significance of the letter and numeral symbols used to desig-

nate the various beam specimens was not given in the original report.

The letters and numerals serve to identify the various beams in

the following manner:

For beams reinforced in tension only:

The letter T indicates that the beam was reinforced in tension

only in the region of pure flexure.

The numeral following the letter T is the value of the reinforcing
pf

index q = -, in tenths, rounded to the nearest tenth.
C

The letter L, B, or H appearing next designates the concrete

strength; that is low, medium, or high, where low is from 2000 psi to

3000 psi, medium is from 3000 psi to 4000 psi and high is from 4000 psi to

6000 psi.
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The lower case letter a, b, or R following the concrete strength

designation identifies the individual beams when two or more similar spec-

imens were tested.

For beams reinforced in compression as well as tension:

The letter C indicates that the beam was reinforced in compression

ps well as tension in the region of pure flexure.

The numeral following the letter C is the value of q = , in
c

tenths, as before.

The letter w, E, y, or z appearing next indicates the spacing of

the ties in the region of pure flexure. The letter y refers to compression

reinforcement without ties; E indicates that the tie spacing was that speci-

fied by ACI 318-51; y indicates that the tie spacing was one-half that speci-

fied by ACI 318-51; and z indicates that the tie spacing was one-f6urth that

specified by ACI 318-51.

The letters n or m indicate the type of tie used, as shown in Fig.

4 of the report.

The lower case letter a or b, where it appears, indicates that two

similar specimens were tested.

Examples:

Beam TlLa is reinforced in tension only, has a value of the rein-

forcing index q equal to 0.1, a concrete strength between 2000 and 3000 psi,

and is one of two or more similar beams.

Beam C3yna is reinforced in compression as well as tension, has a

value of q equal to 0.3, has a tie spacing in the region of pure flexure

one-half that specified by ACI 318-51, has type R ties, and is one of two

or more similar beams.
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ADDITION TO TABLE NO. 2

SUMMARY OF RESULTS

FOR BEAM REINFORCED IN TENSION AND COMPRFSION

Beam 
k"

C2w 0.897

C2xm 0.878

C3w 0.857

C3xm 0.857

C3yna 0.866

C3ynb 0.850

04ima 0.884

C4x=b 0.856

C4zn 0.857
0 5yn 0.833

C6xm 0.833

C7w 0.833

+k"d = distance between the centroids of the tension and compression rein-

forcement; where d = distance from the top of the beam to the centroid of
the tension reinforcement.
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CORRECTION TO TABLE 9a

COMPARISON OF EXPERIMENT AND THEORETICAL VALUES

OF jYLD--INT..- .4E

Beams with Tension and
Compression Reinforcement

Beam M - kip-ft

Erp Theo ExpTheo

02w 32.4 31.1 1.04

C2xm 38.0 35.4 1.cY7

C3w 62.4 60.4 1.03

C3xm 66.3 61.5 1.09

C3yns 41.0 40.1 1.02

C3xnb 62.4 62.0 1.01

C4xna 40.1 41.4 0.97

C4xnb 42.8 42.2 1.01

C4zn 59.3 60.7 0.98

C5yn 87.8 89.5 0.98

C6xm 84*.9 85.2 1.00

C7w 84.0 84.7 0.99

Average Ratio 1.02

Range 0.98-1.09
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OTHER CORRECTIONS AND ADDITIONS

A value of the modulus of elasticity of the reinforcing steel,

E, of 30 x 106 psi was used throughout the report.

Page 32:

Equation (31) should read:

pf y.

f= + n 1(k' + k"-17k1

Equation (32)'*ehould read:

f, + k'-I ]nfc

as k c

Page 38:

Third line below Eq. (47)

"For q'>q'r " " ""l

Fifth line below Eq. (47)

" • ., that is, f 4f y

Second line below Eq. (48)

1" • *I * and f,>fy"

TABLE 1. "SUMMARY OF RESULTS FOR BEANS REINFORCED IN TENSION ONLY"

The entry under the column entitled "Stirrups" should read "None"

for beam TIMa instead of "Clamp-on".

TABLE 2, "SUMMARY OF RESULTS FOR BEAMS REINFORCED IN TENSION AND COMPRESSION

The heading for column 9 should read " p,-7 ", instead of " p -Z7.

TABLE 4. PROPERTIES OF REINFORCING STEEL

The heading for column 9 should read "Elongation in 8 in., 7"

instead of "Elongation in 6 in., 7"•



Fir. 14 BEAM AN) TESTING A.PARATUS

The following nce should be a'idc- 1, "The 8"--imension of all

bearing plates is paralle.' to the axis o t tae beam".


